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I. INTRODUCTION 
The term, heaving, when applied to a soil means expan­
sion by freezing. According to Beskow (6), soil heaving 
was mentioned in the Swedish literature as early as in 1694 
by Urban Hiarne who spoke of earth heaving, earth shooting, 
or the freezing up of stones from the ground. As early as 
in Colonial times in America the destructive effect of frost 
on roads and structures used by stagecoaches was noted. 
With the increase in the number of automobiles and the 
expansion in mileage of hard-surfaced highways, the economic 
importance of damage to roada by soil heaving has assumed 
tremendous importance. 
Shallow or crown rooted garden plants are easily dam­
aged by heaving. Bulbs and strawberries are especially vul­
nerable. Among the field crops, winter wheat and seedling 
legumes are frequently damaged (Figure 1). There have also 
been reports of the killing of seedling trees and grasses 
by heaving as v/ell as the heaving of tussocks in meadows. 
The high moisture content of thawed soil serves to 
explain the mechanism of frost heaving. It has been shown 
! by several workers that the expansion of soil with freezing 
is due mainly to water movement to the freezing zone. Con­
trary to much public opinion, heaving is only to a minor 
extent caused by the expansion of water in changing to ice 
Figure 1. Legume plants on a Dunkirk, silty clay loerr. showing severe heave 
aainage - Caldwell Field, Cornell University (photograph courtesy 
of S. R- Aldrich) 
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and Is never serious unless there are capillary connections 
between the heaving soil and free water, as at a water 
table • By free v.ater is meant water that is not under a 
tension* 
Ice occurs in the soil in different forms. Sometimes 
soils freeze homogeneously so that there is no visible dis­
tinction between frozen soil and ice. At other times ice 
may form in the soil as thick lenses or layers, separated 
by either frozen or unfrozen soil. 
Both soil and climatic conditions affect the degree of 
heave damage to crops. Any circumstance providing a supply 
of free water near the soil surface can result in heaving 
when combined with subfreezing temperatures. Pianosols, 
soils having a claypan, are well known for their heave 
hazard. 
Frost heaving in natural soils has not been a subject 
of much investigation, most attention having been given in 
the past to disturbed soils of varying compaction for 
engineering purposes. In the present study the frost heav­
ing properties of some natural soils are measured. 
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II. REVIEW OF LITEl^TURE 
Most people have no knowledge from personal observa­
tion or the Internal makeup of frozen soil. This is neces­
sarily true because frozen soil is so difficult to sample. 
Probably the only mention of a tool designed eepeclally for 
sampling frozen soils is by Goodell (23). 
No doubt the most detailed study that has been made of 
the structure of frozen soil was by Kokonnen (36) in Fin­
land. He classified soil ice in three categories: (1) 
surface ice, (2) filamentous ice, and (3) soil frost. In 
this sytera of classification, surface ice is ice forming on 
top of the soil, as from melted snov;. Filamentous ice occurs 
as crystals in the upper few centimeters of soil incorporated 
with a very small amount of soil material. Soil frost is 
the frozen soil proper and Includes ice lenses. 
Kokonnen studied the structure of frozen soil under a 
variety of conditions by excavating sections in the field 
using saws and axes- Especially interesting was his descrip­
tion of active hoar frost. He observed that vertical ice 
needles first grew upward from the soil surface and then 
fused to lift a thin section of surface soil. This type of 
frost action was capable of uprooting rye plants. 
Numerous examples were described of layered or segre­
gated ice composed of horizontal sheets of vertically 
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aligned ice crystals. These layers were frequently an Inch 
or more in thickness and must have been very destructive to 
any plant roots in their vicinity. The most prominent ice 
layers occurred in silty soils and imparted a horizontal 
cleavage type of structure to the soil after the ice melted. 
The effect of the Initial freezing of soil was observed 
in soils recently exposed by landslides or in clay pits. A 
reticulate structure of ice was found in the top inch or two 
of soil causing the soil to crumble and become quite friable 
when dry. Below the reticulaie surface layer, horizontal 
ice layers formed which decreased in thlcltness with depth. 
The ice layers caused the soil to have horizontal cleavage 
planes when unfrozen and Kokonnen was able to distinguish 
between soils which had or had not been previously frozen 
by the presence or absence of this physical characteristic. 
Cavity ice, ice forming in cavities in the soil, was 
noted chiefly in cultivated fields and developed first in 
the form of a variety of rods, needles, and cryr^tals. These 
readily melted and refroze to the sides of cavities P.S clear 
ice. 
From a study of the v.ater content of various soils 
showing all types of freezing, Kokonnen concluded that the 
way in which a soil freezes is determined by its original 
water content. According to this theory, at moisture con­
tents below a certain level a soil freezes homogeneously. 
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At higher moisture contents the excess water freezes es ice 
layers. 
BesJtow (6) objected to Kokonnen's conclusions as being 
inaccurate in two respects. First, he maintained that 
whether massive or stratified frozen soil occurs depends not 
so much on water content as on texture and rate of cooling, 
ice stratification being favored by slow cooling and fine 
texture. He also believed that the cause and effect rela­
tionships had been confused in Kokonnen's studies of the 
water content of stratified frozen soils in which Kokonnen 
assumed that the high moisture contents of ice-stratified 
soils, ranging up to 470 per cent, caused them to have that 
type of structure. Beskow said that in reality the soils 
before freezing must have had a much lower moisture content 
of about 30 per cent, the high moisture levels being n 
result of the freezing process. 
Beskov; preferred to classify frozen soil as: (1) 
massive or homogeneous frozen soil; (2) stratified, discon­
tinuous, or heterogeneous frozen soil; and (3) soil with 
hoar frost. In general he stated that frozen sandy soils 
always have the massive or homogeneous structure in which 
there is no segregated ice or visible distinction between 
frozen soil and ice. Fine textured soils may have a homo­
geneous structure provided their original moisture content 
is less than capillary saturation. (Capillary saturation 
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according "Co Anderson (1) is similar to the term, field 
capacity, as used in the United State??.) VJhen the moisture 
content is above capillary saturrtion, the fine textured 
soils may freeze homot^eneously vjith rapid cooling but have 
stratified ice at slower rates of cooling. 
Beskow described several possible veriations of dis­
continuous frozen soil with stretified ice. In general 
this type of structure forms in undisturbed soils or in cul­
tivated soils below the plow layer. Layers of clear ice 
occur parallel to the soil surface. The ice layers are 
thick and widely spaced in finer te:;tured soils and become 
thinner and more closely spaced as the texture becomes 
coarser until finally grading into the massive or homogeneous 
structure in which all of the water freezes in the soil 
pores and there is no visible ice. Beskow distinguished 
between layers of dark, clear ice and layers of white ice 
composed of vertical crystals perpendicular to the plane of 
the ice. (For good photographs of soil ice the reader is 
referred to papers by Kokonnen (36), Beskow (6), Taber (61, 
53), and Hlgashi (£9).) 
Stephen Taber (50 - 54), a South Carolina geolo^^st, 
devised some ingenious experiments which, when published 
in the 1930's, greatly modified the thinking of American 
engineers about the mechariism of frost heaving. He vae 
able to produce some excellent examples of ice banding in 
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the laboratory, using in place of soil various finely divicled 
materials such as clays, lithopone, and bpriura sulfate, hav­
ing a particle aiz.e as small as 1/4 micron. By freezing 
nitrobenzene in place oi" v;ater in the soil he was still 
able to obtain heaving; fjul to produce sharply deline^^ted 
layt2rs of con>-ealed liquid. This served to emphasize the 
unimportance of the expansion of the freezing liquid in 
causing heaving since nitrobenzene contracts with freezing. 
He was also able to produce beautiful examples of contempo­
raneous faults and breccia in clay frozen in the laboratory. 
Shrinkage cracks having a vertical alignment but a polygonal 
cross section were formed below the frost line in clsys, 
which could have been almost as harmful to roots es the 
heaving if they occurred in nature. Taber found thst the 
ice layers were thicker and more widely spaced with increas­
ing distance from the coolinc surface. He defined the con­
ditions necessary for ice segregation as a slow rate of cool­
ing and a fine texture. Both Taber and Beskow noted that a 
load or pressure applied to the surface of the soil could 
reduce or prevent heaving, even with slow cooling. The 
effect is comparatively greater v;ith the coarser textured 
soils. 
Higashi (29) also duplic&ted the vrrious forms of soil 
ice in the laboratory. He referred to frozen soil v.'ith 
stratified ice as the "sirloin" type of freezing, the ice 
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layers being reminiscent of the layers of fat in sirloin 
beef. Instances where the soil froze uniformly without 
segrei-i&ted ice were called the "concrete" type of freezing. 
He stated that the sirloin type of freezing was caused by 
Blow cooling. 
Post and Dreibelbisa (42) described variations of soil 
ice ivnich they called the "concrete", "honeycomb", and 
"stalactite" forms. The concrete form occurred with re-
freezing of thawed soils, or after heavy rains, and contained 
segregated ice. Stalactite ice formed with quick freezing 
following thav/ing end produced voids in the soil. Honey­
comb ice was caused by shallov; freezing in poatures. 
Beskow (6) defined the conditions necessary for ice 
segregation as a slow rate of cooling, fine texture, and a 
steep temperature gradient. He observed the normal rpte of 
frost penetration in nature to be l-?,.5 cm. per day. In 
most laboratory soil freezing experiments this freezing rate 
is exceeded. Burton and Benkleman (14) noted that s silty 
soil in rticiiigan heaved very badly in the field but ^-ove 
very little heave when frozen in the laboratory. 
Beskow (6) stated that a significant amount of frost 
heaving does not occur without ice segregation and gave a 
theoretical discussion of how he believed the ice layers 
develop. First of all, he assumed that ice layers form 
when the frost line is stationary and water is being sucked 
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up at a rate Just aufilcient for its latent heat to equal 
the heat conducted away above the fro at line. As the ice 
layer i:irows, the soil belov; it becomes coraprensed. In tne 
compressed soil the permeability is reduced, the mobility 
of the water is restricted, and crystallization of ice is 
deterred. Soon the upv/ard water movement is slowed so much 
that the frost line moves downward. The point in the soil 
where crystaJ.lization of ice cen be resumed, due to the 
freezing point depression, is nov at some lower depth, 
probably below the zone of compression of the preceding ice 
layer- The failure of coerser textured soils to form ice 
layers, according to this reasoning, is due to thoir in­
ability to eithur accomodate an ice zone or raodif;/ their 
permeability appreciably by shrinkage. An important factor 
in the formation of ice layers seems to be the occurrence of 
a discontinuity in the soil such as a crack or difference 
in texture. 
Numerous studies have been made and theories developed 
to explain the freezing point depression of soil water. 
One of the earliest investigations was by Bouyoucos and 
KcCool (11) who used the dilatometer method to measure the 
relative amounts of water freezing at different temperatures 
in soils. They found that the freezing point depression is 
very large at low moisture contents and in classifying aoi], 
moisture according to freezing point defined one category of 
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soil water v;lth freezing points below ~78° C- The depres­
sion of the freezing point Increased In a geometric progres-^ 
slon as soil moisture content decreased arithmetically and 
at a given moisture content was greater for fine-textured 
than for sandy soils. Boyoucos and McCool held that the 
freezing point depression was due to salts dissolved in the 
water and that the concentration of soil solution was less 
in the small voids than in the larger ones. The freezing 
point depression was found to decrease with repeated freez­
ing and thawing and this was attributed to movement of soil 
water from small to larger pores. According to Raoult's 
law the freezing point depression of water is 1-86° C timea.! 
the molal concentration of the solute or ion (21, p. 165). 
Beskow (6) obtained data similar to that of P.oyoucos 
and lylcCool by determining the freezing points of soils at 
varying moisture contents. He assumed that water is held 
by forces of adsorption in a film surrounding the soil 
/particles and that the Innermost layers of molecules are 
held most tenaciously. The lower the moisture content the 
thinner are the ivater films and the lower the vapor pressure 
. and freezing point of the v;ater. Using fractions of soil of 
uniform grain size, he found the relationship between freez-
' Ing point depression and particle diameter to be; 
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In which t is the freezing point depression in degrees 
Centigrade, C = .0056, and d is the diameter of the particle 
in inm. He observed that the force of adsorption had a meas­
urable effect at a distance as great as .04 rani • from the 
particle wall. 
V/interkorn and Eyring (57) used a phase diagram to 
show the effect of pressure on the freezing points of water. 
They stated that the freezing point rises ivith pressure 
increase up to 2050 kg. per sq. cm. and then decreases at 
higher pressures. 
Campbell (16) found the relationship between moisture 
tension and freezing point depression to be: 
tension = 12.06 A TQ / (2) 
where tension is measured in atmospheres and A Tq is the 
freezing point depression in degrees Centigrade. 
It would seem that there is no general agreement as to 
whether the freezing point depression of soil water is caused 
by its being under pressure or tension. Edlefson and Ander­
son (19) have approached the problem from the standpoint of 
thermodynamics. They state (19, pp. 215-217) that when the 
freezing point of unsaturated soil is determined by the 
Beckmann technique (or that of Beskow) the absorptive force 
field surrounding the particle will extend beyond the vapor-
liquid interface. If the average hydrostatic pressure is 
greater than that of free viater, the freezing point will be 
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depressed and the amount of depression would be expected to 
Increase as more and riore soil moisture is frozen because 
the hydrosti,tic pressure at the liquid-ice interface increases 
as the interface approaches the soil. 
Edlefson and Anderson (19, p. 119) recognize that both 
ice and water may be under a pressure and calculate the 
effect on the freezing point for the three following situa­
tions: 
Case 1. The total change in pressure on the ice is 
always equal to the total change in pressure 
on the water. Here = -.00748°C/atmosphere 
where dT is the change in freezing point and 
dp is the change in pressure. 
Case 2. The pressure on the l^ce remains constant 
while the pressure on the water is changed. 
^ 3 -.0824°C/atmosphere 
Case 3. The pressure on the ice remains constant 
while the pressure on the ivater is changed. 
~ = +.0624°C/atmo8phere 
Case 3 is the situation existing in heaving soils with rela­
tively high moisture contents where a decrease in moisture 
results in a decrease in pressure, or an increase in tension, 
and the freezing point falls. 
Winterkorn and Eyring (67) consider soil water to be 
under three conditions of stress: (1) compression, (2) 
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tension and (3) atressless. 
The supercooling of water in capillaries was the sub­
ject of an Investigation by Hosier and Hosier (30). They 
found that the spontaneous freezing point of water in capil­
laries is independent of the volume or the interfacial area. 
The radius of the capillary tube is the only dimension affect­
ing the spontaneous freezing point of the water it contains. 
The amount of supercooling necessary to induce freezing was 
also found to be either increased or decre sed by the addi­
tion of certain ions to the solution. The magnitude and 
sign of the change in freezing point are functions of the 
type of ions in solution, the molar concentration of the 
ions, and the capillary radius. Hydrophobic coatings of the 
capillaries, such as iron stearate, silicone, and silver, 
all lower the spontaneous freezing points. 
Hosier and Hosier explained their results by reasoning 
that solid surfaces have an influence upon the bulit struc­
ture of water. At the surface of the liquid the structure 
differs from that in the interior of the liquid. This is 
necessary if the surface is to have a minimum free energy. 
At equilibrium the proton of the water molecule is recessed 
and the oxygen atoms are on the surface. The electron 
configuration of the oxygen atoms can shift toward the 
interior of the liquid, presenting the smallest possible 
force field to the surface. The effectiveness of the iodide 
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ion in reducing the amount of supercooling was believed due 
to Its tendency to accumulate at the surface, being able to 
reduce the free energy more than oxygen. 
It has already been mentioned that pressure tends to 
reduce the heaving of soils and is most effective with sands. 
Besitow (6) was of the opinion that there are fewer points 
of contact between particles in a sandy soil and more force 
is applied per unit area of contact. This causes the mois­
ture films to be squeezed out and to be lov;er in mobility. 
The decreased mobility makes it less likely that the flow 
of iMater will be able to keep up with the rate of coolinri 
and the ice particles surround the mineral particles to give 
homogeneous freezing. In a clay the thicker, more mobile 
water films are able to keep up with the rate of cooling so 
that the frost line becomes stationery and the condition 
for ice segregation is set up. 
It is also possible for a soil to be too heavy to allow 
heaving. Beskow believed that in the finest textured clays 
the water films are so thick that the zone of tension can 
spread only a short distance from the frost line. The amount 
of mobilized water is relatively large, however, so that a 
small amount of ice segregation occurs even though a capil­
lary connection with free water cannot be maintained and 
there is almost no heaving. Beskow (6) estimates that the 
amount of heave due to freezing pre-existing water in a soil 
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v/ill not exceed 1 or 2 per cent of the depth frozen. He has 
a3.so said that the rate of heave of freezing soils, both in 
nature and in the laborator;/, is independent of the rate of 
coolin^i, being almost entirely a function of the rate at 
which water moves to the frost line. The observations of 
Kinaacher aiid Laude (55) apparently substantiate this. 
Beskow (6) has found that water at a certain tension 
in a soil moves to the frost line at a definite rate and 
tnat for a certain tension the rate at which it moves varies 
from one soil to another. He describes an apparatus used 
to measure this rate of movement, or rate of heave, of soils 
in the labors.tory. He has found that there is an equivalence 
between loading and water tension. That is to say, the same 
effect is obtained by loading the soil with a certain number 
of gras. per square cm. of surface as by applying the same 
number of cm. tension to the water in the soil. Thus a 
load of 100 ^ ras. per square cm. has the some effect as 100 
cm. tension applied to the water as far as the rate of move­
ment of the water, or rate of heave of the soil, is concerned. 
Using this type of apparatus, Beskow obtained curves of the 
type shovjn in Figure 2. 
Beskow (6, p. 49) observed that the relationship be­
tween rate of heave and water tension is: 
Figure 2. Rate of frost heaving, Q, as a function of 
water tension, p 
(A) Q plotted versus p 
(B) "Nl/Q, plotted versus p showing that the 
curve in A is parabolic (after Beskow) 
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In which o is & constant for a given soil and vrries from 
U.7 to 1.0 for silts and hr-s lower values for finer textured 
soils; p is tension in cms. of v/ater, and Q is rate of heave 
in mas. per hour. From experiments with Atterberg's pure 
fractions of various grain sizes he found the relationship 
between the value of b and grain size was 
In which d is the diameter of the particle in rams, and K 
is a characteristic of the soil, called the capillarity, 
measured in meters. The value of was found to vary with 
grading of the soil from 100 to 1000. To the best of the 
writer's knowledge, Beskow did not give a probable value 
for e^. 
The soil characteristic called the capillarity, K, is 
discussed by Beslcow (6, pp. 77-80) and is supposed to repre­
sent the maximum capillary rise in a soil or the niaximura 
value of the tension of water at the frost line in a freez­
ing soil. It can be seen from equations (3) and (4) that 
the rate of heave, Q, of a soil would be expected to be 
inversely proportional to the square of the pressure, or 
tension, of the water and Inversely proportional to the 
cube of the diameter of the soil particles. Neglecting c, 
Beskow (5, p. 51) writes: 
ed = eK K3 (4) 
( 5 )  
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Besltow recognizes the limitations of this formula, which 
would indicate that in going from a particle diameter of 
.U5 mm. to one of .005 ram. a thousandfold increase of heave 
would occur. Beskow states that the reason this very 
great ran^^e in rate of heave does not occur in nature is 
that the resistance to flow Increases very greatly with 
decrease in particle size ranr^e. Formula (5) is then modi­
fied by using the followinti; relationship: 
P = (6) 
J 
in which P is the permeability in cm./hr. and J( is the 
distance to the water table in cm. Besicov; (6) makes the 
further assumption that the permeability, P, is propor­
tional to the square of the particle diameter or; 
P = d^ (7) 
in which c^ is a constant and d is the particle diameter in 
mm. It should be kept in mind that the symbol, p, as used 
by Beskow, refers to water tension while P is the permeabil­
ity of the soil. Substituting (7) in (6) v/e obtain: 
cd d2 
( 8 )  
Substituting (8) in (5) we obtain upon rearranging 
°d ®d ^ 
^ ~ 12 
or Q = 
3 —2 
Cd e,. d 
1 ( 9 )  
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Equation (9) states that the rate of heave in a fine­
grained soil is proportional to the cube root of the diam­
eter of the particles. In the case of coarse-grained soils 
of great permeability the r-ension at the frost line in on. 
of v/ater would simply equal ^  , the height sbove the v.ater 
table in cm., and (5) would become 
W 
since J? and p are numerically equal. It would appear, then, 
that with cof:rse-grained soils the rate of heave is inversely 
/ ^ 
proportional to the cube of the diameter of the particle-
There is an optimum particle diameter for maximum rate of 
heave. On the coarser texture side of the optimum, heaving 
decreases rapidly vjith increaainij grain size, being propor­
tional to the cube of l/d. on the finer texture side, the 
rale decreases slowly with decreasing particle siiie since 
there the rate of heave is proportional to This has 
also been Illustrated graphically by Beskow (6, p. 89) in 
discussing the rate of capillary rise above a water table. 
We have seen how a high v;ater table permits water to 
be frozen from the soil at a low tension. This from ecua-
tion (3) will mean a large rate of heave. A large rate of 
heave, in turn, means a rapid flow of water to the frost 
line, a iiigh water content in the frozen soil, and a good 
chance that the upward rate of flow of water will be able 
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to offset the heat conducted upward above the frost line 
80 as to give a stationary frost line and segregated ice. 
The effect of lowering a water table will vary with 
the soil type. In a fine-textured soil of s low permeability 
we have seen in equation (9) that the rste of her-ve, ft, le 
proportional to the inverse of H „ cocrse-textured 
soil with a high enough permeability so th<?t p = J? , approxi­
mately, it can be seen from equation (5) that Q is inversely 
proportional- to so thr.t In this case the effect of lower­
ing the water table is proportionately til^eater than in the 
case of tiie fine-textured soil. 
Beskow (6, p. 5f3) points out that the maximum amount , 
of capillary water available for frost heaving is ^ 
\c 0 \ 
Q = • (11) i 
If water rises by capillarity to a height, ^  , above a water, 
table and is at equilibrium. It will be under a tension of 
cm. of water if there is no further movement of water 
tailing x>lace. In other words, jl cm. of tension will be 
used to oppose the t^ravitational potential at the frost line. 
The maximum possible capillary potential gradient that can 
function in moving water to the frost line is therefore 
(K-^ )/jf and this multiplied by p gives Q as In (11) above. 
It can also be seen that the conditions for a high Q. 
are a large capillarity and a high permeability. Various 
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combinations ol" K and P might give the same Q. Beskow 
(6, p. 55) uses the term, relative perraeahllity, to describe 
the quantity PK*^. The relative permeability is constant 
for fractions of a uniform particle Qi?.e but with unsorted 
or (graded materials, such as soils, may hnve varying values. 
It will be noted that the v&lue of p for a certain 
is governed by both (5) and (6). Eventually, with incre^is-
H * P I'eaches its maximum possible value of KV If the 
rate of heave is plotted against height f.bove the v.-ater 
table as by Beskow (6, p. 54) the point at v/hich p = K is 
sailed the break point. At heights above this point Q 
decreases more rapidly v;ith increasing k than Pt values of 
belov; that point. When j? ^ K, there csn be no frost heave 
at all. These relstionships are very complicated .-^nd the 
e'iuations are difficult to apply to natural conditions. 
Beskoxi' (6, p. 55) observed thst in most cases it can be 
{assumed that In a given soil the rate of heave v;ill be 
i 
Inversely proportional to the distance to the water table. 
He has found that the important frost heaving soils give 
trouble with an /P of as high as 2-2 1/2 meters. 
beskow (6, p. 70) said that it is difficult to define 
a boundary between soils that heave badly and those th/^.t do 
not. This is due to the complex Interaction of vrrlous 
factors which we have already considered. He hns assumed 
that the frost heaving properties of a soil can largely be 
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related to their texture and grading. He stated that the 
* limit Detween froat heavint^- and non-frost hepvln,?; conditions 
in well sorted soils will be at approxirr.' tely 30 per cent 
of the material finer than .062 m:i.. or 55 per cent finer 
than 'li^b ivuii. in diameter. That is to say, soils having a 
content of over 30 per cent of the silt and cloy fr^'^ctions 
will be dangerous provided artificial draina;^e is not at 
hand. This would Include most of our e.gricultural soils. 
Although Besiiov.' believed heaving r te in a soil is closely 
related to its texture, Burton and Benkleman (14) cited 
instances where different types of clay noils havinj;^ iden­
tical aachanical analyses v.-ere eomplotoly different in 
their frost heaving properties. 
Grim (25) discussed the influence of the type of soil 
mineral on frost heaving. He reasoned that montrcorillonite 
v/ith its tremendous adsorption surface would be able to 
imiaobiliae water in a crystalline configuration adjacent 
to the basal planes and would not he^ve readily. The nature 
of the exchangeable c&tion has an influence on water adsorp­
tion. The sodium ion ^^ives exceptionally thick and v.'ell-
oriented vjater layers. With Ca, Mg or H es exchanfeable 
cations, the clay becomes fluid at relatively lower water 
contents and heaving is likely. With K as the cation, 
there is very little adsorbed water on montraorillonlte and 
heaving is facilitated. 
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Kaollnlte has large particles 100 to 1000 times the 
size of raontinorillonite particlGfj f.nd & relatively siiiall 
surface area. In addition, only half of the surface area 
is able to adsorb water- There v.'lll te fluid v.-ater at 
siuall v.'ater contents, little svelling, ano jioud conditions 
for heaving. (Taber (51, 5-3), not quoted by Grim, verified 
this experimentally.) Halloysite behaves quite s bit lir^e 
kaolinite. Illlte clays are not impervious and readily 
e^ive ice layers on freezing. 
Beskow (6) considered the capillarity, K, to be the 
most useful physical determination for r^rtln^.; the frost 
heaving ch'^^racteristics of a soil, mainly because it can 
be measured much more conveniently than C. The value ob­
tained for K depends somev.'hat on hov; the soil is prepared 
for the determination. The characterintic which Beskow 
called Kjp, the capillarity at loose paoking, seemed to be 
most suitable to evaluate natural soils. Soils with a Kp 
of less than one meter were not considered to be frost heav­
ing under any circumstances. Under especially unfavorable 
drainage conditions soils with a Kp- of 1-2 3-/2 meters were 
troublesome. Soils with a Kp) 2 meters were alv^ays dan­
gerous. Apparatus and methods used in determining Kp are j 
i 
described by ^eskow (6, pp. 78-81). Englehardt (£0) also ' 
had an interesting dlBcusaion concerning the determination 
and significance of capillarity in soils. 
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Beskow made determinations of the peiroeabllity, p, 
again using Atterberg's pure fractions. He defined p as 
the cm./hr. of water flowing through the soil under a unit 
hyaraulic gradient. It is doubtful if this is the proper 
way to determine a conductivity coefficient for unsaturated 
flow in soils. Richards and Moore (43), however, have 
described the technical difficulties involved in determining 
the capillary conductivity, especially with undisturbed 
soils. In addition there is the problem of maklnp^ an appro­
priate temperature correction. Beskow considered the perme­
ability of a soil at 0° C. to be 60 per cent of its perme­
ability at 20° C. It is also known that permeability is to 
quite an extent a matter of structure, something that is 
difficult to duplicate in the laboratory. The formula 
Beskow arrived at, relating permeability to grain size, is; 
P = Cp d^ (12) 
where d is again the particle diameter in mm. and Cp is 
a constant having a value of approximately 1600 at 20° C. 
when P is in cm./hr. The capillarity was found to follow 
the relationship: 
so that the relationship between capillarity and perme­
ability is therefore 
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Unfortiinately, for natural soils of varying grading (12), 
(13) and (14) cannot be applied. 
Although the theories of BesK-ow and Taber about the 
mechanism of soil heaving are in general agreement and are 
more generally accepted than others advanced to date, the 
work of Benkleman and Olmstead (5) is of interest from at 
least a historical standpoint and at one time was the cause 
of considerable controversy. According to their theory, 
temperature fluctuations either at the surface of the ground 
or below the frost line may cause a shift in the zero iso­
therm, either upward or downward. As the zero isotherm 
moves upward fluid soil forms below it due to thawing. The 
soil particles settle out of the fluid mass leaving a band 
of water luimediately below the frost line. If the frost 
line now moves downward the water layer freezes as e band 
of ice. For each fluctuation of the position of the zero 
isotherm a band of Ice is formed. This was considered to 
be the cause of ice layers in frozen soil- Taber questioned 
these assumptions saying thrt in Benkleman and Olmstead's 
experiments the frozen portion of the soil adhered to, and 
was supported by, the glass tubes in which the soil was 
confined and allowed the water layer to form, something 
that v;ould not be expected to happen in nature. 
Moisture movement takes piece under a temperature 
gradient in the soil from warm to cold temperatures. 
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Bouyoucos (8) concluded that thermal moveinent of moisture 
as a vapor is negligible- Beskow (6) considered v;ater move­
ment by diffusion to be of no importance in causing soil 
heaving. Rollins £t (44) presented evidence that mois­
ture movement due to a temperature gradient at certain 
moisture contents is mainly as a vapor. Burton and Benkle-
man (15) froze a 3-foot soil column v;lth a -^revel cutoff 
In the center. The gravel layer filled with hoar frost and 
the moisture content above the gravel Increased by 9 per 
cent of the weight of the dry soil. 
Wlnterkorn (56) summarized the similarities between 
electro-osmotic and thermo-osmotic phenomena as follows: 
(l) a dielectric liquid moves through a porous system upon 
application of an electric potential; (2) a dielectric liquid 
ffiovln^i through a porous system under a hydrostatic head 
creates an electric potential (streaming potential); (3) 
water moves through the soil under a thermal potential in 
v.'hlch the moving force la the difference in water affinity 
of the soil at high and low temperature; (4) the coefficient 
of thermo-osmotic permeability, K^, is 1 x 10"''' cm./sec-/ 
0 C./cm.; (5) the exchangeable cations are more dissociated 
at the cold than at the warm side but are held in place by 
charges on the clay and the movement of ;vater equalizes the 
concentration potential of the ions. 
Swanberg (49) measured temperatures in highway eubgrades 
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in Minnesota and found that the temperature gradient decreased 
with depth and wi.s greater earlier In the winter than later. 
U-radlents ranj^ed from about 1.0° F. per Inch In the top foot 
to 0.1 to 0.3° F. por inch in the third fout. Beslcow (6) 
gave data Indicating th.; t In Sweden the temperature gradient 
at the frost line in early winter Is about 0.6° F./ln. and 
decreases to 0.1° F./ln. by the end of winter. Using the 
Kt of Wlnterkorn as given above and a temperature p;radient 
of 1-0° F./ln., one obtains a moisture raovement rrote of 
6 X 10~® In./hr. If this is multiplied by a factor of 0.4, 
the approxitnste proportion of porespace volume in e soil, a 
— 5 
maximum rate of heave of about 1 x 10 in./hr. or .0075 
in./month could be supported by water movement due to 
thermo-osmosis. This would seem to be quite Insignificant 
compared to observed rates of heave of .01-.08 in./hr. 
Gurr, ^  (26) used an ion tracer technique to 
study the movement of water in soil due to a temperature 
gradient. They found th,'-t moisture moves from warm to cold 
temperatures in the vapor phase and from cold to v;arm tem­
peratures in the liquid phase. 
Hadley and Eisenstadt (27) using a radioactive tracer 
technique and an artificial soil of small glass beads found 
that moisture moves from warm to cold temperatures in the 
vapor phase and from cold to waj'm temperatures, in the liquid. 
phase. When the cold area of the soil la below freezing and 
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the moisture content is above the critical level all moisture 
jHovement takes place in the liquid phase. The critical 
moisture level is the inoisture content above which there is 
no lone:,er a continuous connection between the air-filled 
porespaces. At moisture contents belov the critical level 
all moisture movement takes place in the vapor phase. It 
v;ould be implied that if a soil heaves, all moisture move­
ment is in the liquid phase. No movement of moisture takes 
place in the liquid phase tov.ard the cold temperatures 
Z' / 
unless it freezes./.. 
Freezing i;nd thav/ini^, have been recognized as important 
factors in the genesis of soil structure. Domby and Kohnke 
(18) summarized the current state of knov/ledge concerning 
the relationship between soil structure and freezing. Tliey 
emphasized that: (1) the structure of a soil may bo degraded 
by freezing and thsv/ing at high moisture contents but im­
proved at lov; moisture contents; (2) structure is more apt 
to be improved with slow than with rapid freezing; (3) fre­
quent freezing and thawing may be less desirable than 
occasional freezing and thawing; (4) soils with a high clay 
and organic matter content are most apt to be improved 
structurally by freezing and thawing while silty soils tend 
to be dispersed. 
Reference is made in the literature to factors affect­
ing the rate of frost penetration in natural soils- Beskow 
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(6) reported that the depth of front penetrsition la dlrsctly 
proportional to the square root of the diffuslvlty of the 
soil. He observed the greatest depth of freezing ulth the 
lov;'est wolsture content. 
Beskoxi/ (6, pp. 108-110) gave some data concerning the 
theriiial conductivity and diffuslvlty of v:ater, ice, soil and 
soaie other materials. He stated thst much information of 
this sort published in the literature is inaccui'-ate, partly 
due to the disturbing effect of moisture raovenient v;hen mak-
iu^ conductivity measurements. Smith (47) and Patten (41) 
also mentioned this difficulty. Higashi (29) measured the 
conductivity and diffuslvlty of frozen soils at different 
moisture contents and volume vjelghts. The reader is referred 
to the above authors for exact values of conductivity and 
difiusivity coefficients but a fev; gexieral comparis..ns will 
be uitde as follows: (1) the heat conductivity of water is 
about five times as great as thst of dry soil; (2) the heat 
conductivity of ice is about four times as great as that of 
water or £C times as great as the conductivity of dry soil; 
(3) the specific heats of v/ater, ice, end dry soil are 
approximately 1.0, 0.5 and 0.2 calorles/gm., respectively; 
(4) the relative magnitudes of the diffusivitles of water, 
ice, and dry soil are approximately 5, 3.7 and 1, respectively. 
Atkinson and Bay (3) reported that the depth of frost 
penetration was affected by the amount of vegetal cover, 
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belHti lei3s under heavy cover. If there is sufficient sur­
face insulation, afs for example a depth of ei.ow over 10 
incnes, fro-^.t juay be drawn out of the ground becau'-e of 
thawin^^; fron belov;. They observed th?t although frost and 
snow disappeared first froin south slopes, the direction of 
slope did not have much to do with the total depth of frost 
penetration. 
PoBt and Dreibelbiss (4b) reported large increases in 
moisture in Keene and Muskini^ua soils due to freezing. The 
volu.ae weights of these soils decreased from 1.27 and 1.36, 
respectively, when unfrozen to .63 and .93 after freezing. 
Briggs (15) had the opinion that the nio?.t corarron cause 
of winterkillinj^^ of small grains is heaving, rnof.t of the 
damage occurring late in the spring after the plants have 
apparently come through the winter in good condition. He 
found that surface mulches ',vere of little value in prevent­
ing heave damage to wheat but that early planting was desir­
able- Kiesselbach (34) stated that heaving of xvinter wheat 
in Nebraska was only a minor cause of winterkilling. Bnyles 
and Taylor (4) in discussing some winter survival tests 
carried out in the soft red winter wheat area in the north­
eastern United States found only four instances of killing 
due to heaving compared to 34 for lov? temperature injury. 
Lamb (38) concluded thet winter injury to winter wheat 
is due to smothering by surface Ice layers, as well es due 
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to ]ieaviu(i, aiid that In the soft whent belt of the north­
eastern United States winter Injury due to heevinf: in coimnon. 
He believed the tireat heave hazard there compared to the 
Gr^at riains area is due to the larger amounts of winter pre-
cij-i station and frequent thav/ing. He noted that dernpce occurs 
when the crov;ns of the plant become Imbedded in the frozen 
I 
surface soil after which the frozen layer la lifted by segre~j 
i 
gated ice, breaklnj]; the roots or leaving them exposed to the ' 
air after tne soil thav;s. HsrdVing causes the vascular stele 
to slip inside of the cortical tiaaue of the roots. There 
is a definite antagonism betv;een cold resi.^tance and heave 
resistance. Cold reslstsnt wheat vnrieties stop growth early 
in the fall. Varieties which continue growth later in the 
fail are more fully developed when going into the dorrrant 
period and iiiore heave resistant. As an example, the Kharkov 
variety is very cold resistant but not heave resistant. Heave 
resistance in >;he£^t was found to be correlated v/lth size, 
strength, axid the ability to stretch of certain croi-.-n roots. 
Laiub believed that these root characterlsticB could be modi-
fled considerably by using fertilizers. In this connection 
it is interesting to recall a conversation between the 
writer and a farmer living west of Awes, Iowa, in June, 1955. 
This farmer said that he had once experienced a great deel of 
heave aamage to seedling legumes on his farm but had much 
less difficulty after starting to use phosphr^te fertilizer 
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on the seediri^-s. Kokonneii (36) made a study similar in method 
and conclusions to that of Lainb (36) using rye as the crop. 
flap.sia (28) reported irort hepvin^ daraege to yellow 
pine seedlin^^E. Demag'e V.BS rao-HT severe in open winters in 
soilG of high mointure content. The dara<?ge ivan greatest to 
shaded i-lents. Heaved seedlint^s usually broke off about 2 or 
3 inches belo;-/ the surface- Sliippin^ of the bsrlc wa? common. 
Dana^je vas usually severe at the edges of retreating snov; 
drifts or ice patches. 
Biswell ^  (•?) described the fianiaffe to brush and 
grass seedlings by soil heaving in California. Roots of 
yerip-old brush seedlin^ts having a total depth of -3 or 4 feet 
were broiien off at a depth of 4 to 6 inches belov? the sur­
face. Heave dauage to different grasses v;as rel.:ited. to their 
root structure. Grasses having the heaviest, coarsest roots 
v/ere least dacaaged. Heaving was more severe on aorth than 
on south slopes. A protective inulch was effective in reduc­
ing heave damage-
Anderson (1, 2) raeasured the v/ater loss from a bare soil 
during a ten-aay period without precipitation during which 
nightly freezing occurred. Although the soil was below 
field capacity the total moisture loss was 1.02 in. of water, 
over half of which came from the 24-36 in. depth. Only about 
a fourth as much moisture loss occurred from soil covered by 
brush where freezing did not occur. Wind velocities were very 
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low and of minor importance In evaporation. 
Claypan aoils are recognized as 'beinL': especially nus-
ceptible to frofit heaving. Durin^^ vjinters vith Inrf^e amounts 
of precipitation they become saturated with \;s.ter BO that 
there is a small j? , in the symbolisE of Beskovj, and hence a 
large I'C, or rate of heave. Heave damage is especinlly bad 
on raembers of the Edina, Grundy, and Seymour series of lova 
and iiisaourl v;hlch have a claypan at de2:)ths vsryinc fro:r. 0 
to 13 inches. 
Coleman and Bodman (17) experimented with infiltration 
into layered soils. They reported that the less permeable 
layer of a soli limits water entry into the soil surface 
regardless of whether it is above or below the aore perme­
able one. Whore a permeable layer is situated uppermost, 
water with a positive hydrostatic pressure accumulates above 
the impermeable layer. 
Kicholson e^ (40) described frost heave killing of 
legumes on Iowa claypan soils. The role of excessive soil 
moisture and repeated freezing and thawing cycles was stressed. 
Red clover plants were less severely damaged than alfalfa, 
presu-uebly because they had more fibrous roote near the 
crown. Legumes in a mixture with grasses see.ned to ce less 
subject to heave dainage. The action of a fibrous root sys­
tem in reducing heaving loss may be to keep the fluid thawed 
soil from running together and leaving the crown of the plant 
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protruding {Figure 1). 
KUi^hes (31) reported th^t hesved trefoil plants are 
abl3 to develop nev crovns and in this way survive heave 
injury. 
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III. INVESTIGATION 
A' Objectives 
Most of the literature on soil freezing has been written 
by engineers. Beskow (6), vjho is perhaps the greatest author­
ity on soil freezing processes, is an engineer associnted 
with the Swedish Road Institute in Stockholra. Taber (50), 
who did much basic research on frost heaving in the United 
States, -vvas a geologist who published most of his xi/orlt in 
engineering Journals. Most of the literature deals v/ith 
such subjects as the effect of front action on load carrying; 
capacity, prediction of depth of frost penetrotion in sub-
grades, methods of preventing detrio^entsl frost action, and 
construction methods in permafrost. The soils used v;ere 
mostly disturbed soils such as rrdght be used in the con­
struction of roads and airfields ajid v/ere generally of coarse 
texture 5jnd very much compacted. Quantitative evaluation 
of the frost heaving properties of soil in the natural state 
have been lacking. 
There are three properties which determine the heave 
danger in a. soil- They are; (1) the rate of heave, Q.; (2) 
the permeability, P; and (3) the coefficient of thermal 
conductivity, K. The distance to the water table is highly 
important but is not an intrinsic soil property. The 
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permeability, P, Is very dlfricult to determine at tempera­
tures above rreezin^^ and is h.'Drdly I'eesible to determine in 
a freeziinti soil* Beakov; bar, determined a P which is essen­
tially a percolation rate with unit hydraulic f-radient end 
is of questionable validity. Higsshi (29) has described a 
method ior determining the thermal conductivity, K, of 
frozen soils. K is largely influenced by moieture content, 
however, which in turn depends on the rpte of hesve. Beskow 
makes no -iiehtion of utilizing; K except to predict the depth 
of frost penetr^r-tion from meteorological ("Jste. Of the three 
soil properties which determine heave dsnr^er, Q. is the most 
readily detu:.':iiined in the Ipborntory and the most enlip^hten-
ing. 
The main purpose of the present study was to character­
ize the race of 'neave, Q, of the upper two feet of the pro­
files of cpfcclmens of four Important lo^va soil types. Bes-
kow's spppratus was considered unsatisfactory for the needs 
of the present study since it was adapted primarily for 
measurint; the rste of heeve of a soil with variable loading. 
It is very doubtful if his water tension system would func­
tion at tensions greater than a few cm. of water. It was 
necesoary, therefore, to construct a satisfactory laboratory 
frost heaving apparatus before the determinations could be 
made > 
As a secondary objective, experiments were conducted 
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to obtriin iiiforraatlon ^ibout the geuer-al mechanise: of frost 
heevlng. /. description of cn example of froat he^vea tus-
soc'46 in a ruer.dov.' near Acies, lov.a, is also included. 
B . I': a t e r 1 Ell s and !C e th o d a 
1 • Desi,-:n and operr-.tion of special eouipreent 
To determine the rate of hesve of soil it is necessary 
to merisiire expansion smountlnj-j; to only a. fei-.' hundredths of 
an Inch sn hour. In addition, it is deslreble to make the 
necessary raeasureixents ^.vlthout disturbin^j the sample or 
opening: the refrigerator. 
These requirements indicated that son:e sort of optical 
lever 'j^ould be needed to give the required sensltlvit.v- end 
yet allovj measurements to ce made without havinp physical 
contact with the soil. soil henvini^ device was constructed 
with a water tension system which ailov.ed the Insulrted soil 
core to be frozen from the top dov/nward on a tension piste 
with different tensions on the water. The appprfitus v.'as 
placed inside a specially constructed refrigerator with an 
inner door having a plsstic window throusrh which mer curements 
could be made using the opticel lever* Details of this 
special equipment will be given in the folloiv'ing pages. 
a. The water tension system. gra^e Pyrex fritted 
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glass Buohner funnels having an inolcie diameter of 90 mm. 
were used as tension plates (Figure 5). The funnels, H, 
were fitted into brass receptacles, I, v/lth rubber otoppers. 
The C'jnszaiit tewperiture bath, E, v;£S at a tempers tare of 
<56^ F' Water tensioxis less than a uet-r j.ere obtained by 
lowering the levelling oulb, F, with .^>topcoci: A cjpen, and 
G arid D closed, so thaL the water level in the bulb IUTB the 
desired distance, X, celow the tops of the porouo plstua of 
the funnels. To ootain hi^iher tenslox'is of from 1 to 4 rr.eters, 
the stopcoc&s A and D were closed and the desired tension as 
indicated on the mercury manometer, j,'-., was obtained by lov.er-
ing the mercury levelling bulb, B. 
The rate at which water was being taken up by the; freez­
ing soil at tensions of a meter or less could be me?:"su^-ed 
by using the calibratea capillary tube, C. The procc"ure 
for doing this was as follows: 
1. Close stopcock 0 and open stopcocks A and D. 
i:. Lower F and C to the proper level to give the ten­
sion desired and draw the meniscus over to tr;e 
right hand end of the capillary, C, using a rubber 
bulb temporarily attached to the end of the cr;pil-
lary. 
i5. Make a fine adjustment of the height of C sc th^t 
the meniscus is stationary in the tube. 
4. Close stopcock A ;aj:id measure the r?>te of enti'-y of 
FiFure 3. The water tension system of the soil heaving 
apparatus (the dotted line Indiestes the part of 
the apparatus inside the refrigerator) 
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water into the soil by observing the rate of move­
ment of the meniscus In the capillary. 
The bore of the capillary WSB such that o.B in. of the 
tube had a volume of 1 ml. Finer capillaries were triad but 
there appeared to be too much friction between the .vail of 
the tube and the water so tnat the rate of movement of the 
meniscus accelerated in going from right to left in the tube. 
This effect was negligible in the larger sized capillary. 
The tube was silicone treated using Desicote. 
Water could be added to the system through the funnel, 
J. It was very convenient to expel air from the apparatus 
by opening the stopcock Just below J and ihen by raising and 
lowering the mercury levelling bulb, B, to cause tnc vaster 
level in J to rise and fall. This pumping action oaused 
bubbles to be drawn up into J and out of the system. 
The routine in preparing the apparatus for e freezing 
test was as follows: 
1. Wet the san^le by capillarity by placing it on a 
filter paper on wet sand for about 6 hours. 
2' Close stopcocks A, G-, aiid D aiid open the ntopcock 
at tJ • 
3. Remove the stoppers from the crass receptaoles, I. 
4. Open stopcock G until tae water level rises to the 
top of I, and then close Q. 
5. Fill each funnel with water while Inverted and by 
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placing a finger over the end of the funnel stem 
Insert It Into the brass receptacle without allow­
ing air to enter the apparatus. Press funnel 
stoppers firmly into the receptacle. 
6. Place 50 gms. of a silty soil on each funnel. 
(This soil will be hereafter referred to as Log-an 
loess. Its mechanical analysis is given in Table 
6 . )  
7. Open stopcock G until enough v;ater collects on the 
funnels to form a thin paste with the soil. 
8. Close stopcock at J and open stopcock A. Lower F 
to place about a meter of tension on the water in 
the funnels. 
9. After sufficient water has been removea from the 
soil on the funnels to form a thick paste, raise 
F to give Zero tension. 
10. Place the samples on the funnels and install the 
Insulating material, indices, and mirror assemblies 
(Figure 4). 
It was learned by experience that If the samples were 
placed in the refrigerator at about midnight and the thermo­
stat was set at 25° F., freezing would be just beginning at 
7 or 8 A.M. the next day. The refrigerator could then be 
turned down to the usual operating temperature of 20° F., 
necessary adjustments in the water tension and mirrors made, 
Figure 4. Soli heaving device 
H - Calrod heating element 
T - thermoswitch 
IV - crass receptacle of water tension system 
F - fritted glass Biichner funnels 
B - constant temperature bath held at 06"^ F. 
I - Indicator 
C - ground corii insulation 
L - mirror assembly 
S - soil core 
R - rubber stoppers 
4 7 
^THREAD 
3/4 Plywood 
Water levelT^ 
TO WATER TENSION SYSTEM 
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and the readings started ahout two hours later. An average 
experiment then lasted until about 9 P.M. The rate of heave 
was made at standard tensions of 0, 15, 25, 50, 75, 100, 200, 
300 and 400 cm. of water. 
b. The soil heaving device. The components of this 
unit as shown in Figure 4 are: H, Calrod heating element; 
T, thermoswitch; W, brass receptacle of water tension system 
into which Buchner funnels are fitted by means of rubber 
stoppers; F, fritted glass Buchner funnels; B, constant tem­
perature bath, 36° F., made from rectangular-type dishpan; 
I, the indicator; C, ground cork insulating material; L, 
mirror assembly for optical lever; S, the soil cores being 
frozen. 
Components H, T and W were mounted on a base of 3/4 in. 
marine plyv;ood which rested on the constant temperature bath. 
A plywood box held the insulating material around the cores. 
To the back of the box were fastened two vertical plywood 
strips which supported the mirror assemblies. All wooden 
parts were given several coats of Valspar. In a few Instances 
5 in. rather than 3 in. cores were used and this necessitated 
making a simple plywood extension to the box containing the 
insulating material. A brass tube welded to the bottom of 
the bath served to connect the portions of the water tension 
system Inside and outside the frost heaving device. 
The Indicator, I, was in the form of a tripod- The legs 
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of the tripod were made of brass wood screws which had been 
cut ofr at the head and threaded to accept brass nuts with 
which the legs were fastened to clrculer rassonlte tops-
The soil heaving device was placed Inside the refrigera­
tor with the lip of the bath on a level with the top of the 
shelf so that the bath proper vaa down Inside the well (Figure 
7) . A plyirjood Inner door with a Plexiglass window allowed 
readings to be taken without allowing appreciable cold air 
to escape from the refrigerator. 
c. The mirror mountlnK- This assembly consists of a 
wooden spindle with end bearings and a sheet metal combina­
tion clutch and mirror holder (Figure 5). The sheet metal 
used was a heavy grade of shim brass which soldered readily 
and was quite springy. 
A clip to hold a piece of glass mirror was soldered to 
the central portion of the clutch. The two end portions of 
the clutch were drilled with holes large enough to allow 
the spindle to pass through easily. When the two end por­
tions of the clutch were squeezed together so that they were 
parallel and almost at right angles to the mirror, it was 
possible to insert the spindle through the holes and also to 
turn it so as to wind up the thread fastened to its left 
end without moving the mirror (Figure 4). When the end por­
tions of the clutch were released they engsged the spindle 
very firmly so that then the mirror and spindle rot.-ted as a 
Figure 5. Mirror mounting of optical lever (natural si 
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unit. 
II' the mirror was placed in a vertical position Its 
moment would normally cause it to tip forward if it were not 
opposed by the thread which was wound around the spindle and 
fastened to the indicator resting on the soil (Figure 4). The 
amount that the mirror tipped was governed by the amount that 
the freezing soil expanded and raised the indicator. 
To adjust the rnirror the endpleces v/ere pressed top;ether, 
releasing the spindle; the mirror was held in the desired 
position; the spindle was rotated until the thread became taut; 
and the endpleces were released so that ttie clutch engaged the 
spindle. The whole operation required only a few seconds. 
This was desirable since the refrigerator door could noT. be 
left open for a longer time without affecting the freezing 
of the soil. 
The end be&rlngs on the spindle turned in holes in two 
sti'ips of sheet brass. The optical lever was readily removed 
to ffacilitjjte Installing or removing the sample or insulation. 
d. Calibration of the optical lever. The mirrors were 
viewed through the plastic window of the inner door of the 
refrigerator using a cathetometer placed at a viewing dis­
tance of 51.25 in. Immediately in front of the objective of 
the cathetometer telescope was a raasonlte screen with numbered 
lines spaced 1 in. apart. The mirrors were viewed through an 
opening In the screen and gave a reading on the screen depend­
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ent on the angle at which the mirror vjas tipped. Suppose 
that the indicator and mirror are arranged in such a way as 
to give a scale reading, R, through the cathetometer (Figure 
o), Let H be the distance betv/een the present position of 
the top of indicator and the zero level. Assume th-?t v;hen 
tne indicator is at the zero level the mirror will be in a 
vertical position and the scale reading will be zero. In 
Figure 5: 
= tan 2 6 
51.25 
R = 51.25 tan 2© 
& 3 ( ,402) I'adians 
R = 51.25 tan 
.482 
tan-1 —^ = -JL 
51.25 .482 .241 
H = .241 tan"^ ^ 
51.25 
but tan-^ -x „ 
1 t 
ao ^  ) (—JL—) 
d R  -  ^ ^ '  ^ 5 1 . 2 5 ^  
1 -f 
(51.25)2 
or M » ( .241)(51.25) , 12.35 . 
(51.25)2+ r2 2627 + R^ 
The final result shows that the optical lever will magnify 
the movement of the soil by a factor of dR/dH =» 213 to 286 
as R vrries from zero to 30. The value of dH/dR, or the 
Figure 6. Optical lever arrangement for measuring soil heave (not drawn to scale) 
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affiount of heave correapon<aing to one division on the ficale, 
P 
Is a function of R , the square of the reading. Using this 
relationship, o. slide rule was constructed for easy evalua­
tion of the scale readings. 
e. The refrigerator. The spatial errangeraent of the 
interior of the refrigerator is shown in Figure 7. It con-
si fjted of an old Frigldaire double door box in v;hich was 
Installed a 1/3 h.p. Chief tan compressor v;lth a flooded type 
cooling plate, automatic ej;pansion valve, and air thermostat. 
Temperature Vvas controlled by a V/hlte-Rodgers type 1609, no. 
13, refrigerator temperature control. The large size cooling 
plate, A (Figure 7), xvas used to reduce the time that it was 
necessary for the motor to operate since motor vibration made 
it difficult to take readings. 
On the floor of the interior of the refrigerator was 
placed a constant temperature both with Calrod heating ele­
ment and thermostat. About 1/2 in. above the v-ater level in 
the bath was a metal plate containing numerous 3/4 in. holes. 
The bath was intended for use in freezing large IE to 14 'n. 
long cores at zero tension in a method elmllr.r to thct shovm 
by Hlgashi (29) but was not used in the present study. An 
enclosure having double plyvjood walls filled with Rock. V/ool 
insulation surrounded the constant temperature bath to form 
a freezing well- A wooden shelf, B, rested on top of this 
structure and had an opening the size of, and immediately 
Figure 7. Spatial arrangement of the inside of the refrigerator 
A - cooling plate 
F - cooling well 
B - shelf 
E - perforated plate over constant temperature bath 
C - inner plywood door with plastic window 
D - center post of two-door refrigerstor (only top half shown) 
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above, the vjeXl-
When the soil heaving device (Figure 4) was In use it was 
supported on a Masonlte sheet the size of the interior of the 
refri^;erator which rested on the wooden shelf hut had a hole 
cut in it on the right side large enough to allow all but 
the lip of the water bath to pass through. The bath of the 
soil heaving device was therefore in the well but the re­
mainder of the apparatus was above the shelf. A plywood inner 
door with plastic window was constructed to close the upper 
right hand quadrant of the front of the refrigerator. Read­
ings of the optical lever were taken through the plastic 
window of the inner door after opening the outer door- This 
could be done with a negligible loss of cold air from the 
interior of the refrigerator. 
In the beginning, condensation of moisture on the inner 
door fogged it so rapidly that it was impossible to taksi read­
ings. This difficulty was overcome by placing a film of 
liquid detergent on the plastic window. This kept the con­
densate in the form of a transparent film which gave no 
trouble. 
The temperature range of the refrlt:erator could be varied 
with the temperature control unit but usually was set at + 
3° F. 
f. The temperature recorder. A Brown model 30A1 
recording potentiometer having a range of 0-150° F. v;as used 
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with Band S Gauge No. 30 copxjer-constantan thermocouples. 
For ease in handling, ten sets of thermocouple wires were 
fastened together betvjeen two strips of 2 in* wide adhesive 
tape. This assembly v;as flot enough to be fastened perma­
nently to the door frame of the refrigerator v/ith adhesive 
tape without interfering v.ith opening and closing the door. 
The junctions of the thermocouples were re-welded as needed 
usin^i a Variac and Fineline pencil lead electrode. The 
thermocouples v;ere inserted through holes drilled in the plas­
tic core rings when It was desired to measure soil temperature. 
2. Methods 
a. Soil sampling. The soil types used in this study 
were; 
1. Edlna silty clay loam from the legume versus ferti­
lizer plots on the Southern Iowa Experimental Farm 
at Bloomfield. 
2. Clarion loam from a roadside 1 mile south of Green 
Gable Motel west of Ames, Iowa. 
3. Carrlngton loam from a bulk alfalfa area about 50 
ft. upslope from the runoff plots on the Carrington-
Clyde Experimental Farm at Independence, Iowa. 
4. Marshall silty clay loam from a roadside across the 
road from an old farmstead site near the Jacksonville 
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Church In Shelby County, Iowa 
Undisturbed core samples were taken in eight successive 
3 in. increments to a depth of two feet. The samples used 
for the freezing tests were in the form of cylinders 3 in. in 
diameter and 3 in. long. V.'ith the exception of the Edina 
soil, these samples were taken with the Uhland sampler by 
dig^'ing a pit. The Edina soil was sampled with the Uhland 
sampler and also with the Kelley (33) sampler which took 4 in. 
cones which were later trimmed to the 3 in. by 3 in. size. 
The samples for the poresize distribution mesBurement 
were taken with a smaller sampler which made cores 0.88 in. 
long and 1.73 in. in diameter. These samples v.-ere taken 
from the approximate center of each 3 in. zone. Bulk samples 
for prepared cores were taken with a spade. 
b. Determination of particle size distribution. The 
hydrometer method of Bouyoucos (10) was used with a modifica­
tion in the temperature correction. By experimenting it was 
learned that the proper correction per degree Fahrenheit for 
the particular hydrometer used was .28 gms. per 1. for the 
40 sec. and 15 min. readings, and .£3 gms. per 1. for the 1 
and 2 hr. readings rather than the constant .20 gms. per 1-
correction recommended by Bouyoucos. 
c. Determination of poresize distribution. The apparatus 
of Learner and Shaw (39) was used with certain modifications. 
Over a glass tension table was placed a bronze window screen 
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covered with two layers of photo blotter (manufactured by 
Hornstein Photo Sales Co., Chicago, Illinois). A layer of 
Logan loess abuut 1/8 in. thick was placed over the blotters. 
The soil layer was covered with cheese cloth topped viith a 
second 1/16 in. layer of soil. The soil layers enabled up to 
100 cm. tension to be used. 
Samples for the determination were taken with a small 
core sampler as previously mentioned. A 9 cm. Whatman No. 50 
filter paper was fastened to the bottom of the core ring with 
Tritix rubber cream glue. The samples were placed on a heavy 
wire grid (originally one of the refrigerator shelves) in a 
large photo tray in such a manner that the bottoms of the cores 
were about an inch above the bottom of the tray. The edges of 
the filter paper of each sample were folded downward so that 
they nearly touched the bottom of the tray. Distilled water 
v;as added to a depth of 3/4 in. in the tray and the samples 
were allowed to v;et by capillarity through the filter paper 
connection for about five hours. After this the samples v.-ere 
removed from the tray, the excess paper was trimmed from the 
rin^jS with scissors, the sample bottom was touched to a piece 
of blotting paper for one second to remove excess surface 
moisture, and the samples were transferred to numbered cans 
for weighing. 
Before placing the samples on the tension table, the 
tension was reduced to zero and water was added to the soil 
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on the table to form a thick paste. The core samples were 
placed on the table in Intimate contact with the soil paste 
and covered with a plrstlc sheet to reduce evaporation. The 
tension was set at the desired value. After 24 hours the 
samples were removed from the table, any excess soil from the 
table surface v;as removed with a spatula, and the samples were 
placed in cans for -.jeighing. i-loisture content mef surements 
v;ere made in this way at tensions of 0, 15, 25, 50, 75, and 
100 cm. of water in that order. In the Clarion and Carring-
ton soils the v.eiyht of sand not passing a 1 mm. sieve i-.as 
subtracted from the v;eight of the sample before calculating 
the vr,rious moisture percentages. Because of the stony nature 
of these two soils, moisture contents of all soils were ex­
pressed on a moisture percentage rather than a volume basis. 
The Edlna aud Marshall did not contain particles greater than 
1 mm. 
d. The use of prepared cores. In some cases cores of 
soil v.ere prepared from soil passing a 1 mm. sieve. Three or 
six luclte rings v;ere fastened together with rubber cement to 
give a cylinder 3 in. in inside diameter and either 3 or 6 in. 
long. A filter paper vjas fastened to one end of the cylinder 
using rubber cement. The cylinder was graduated in 1 cm. sec­
tions. A weighed amount of soil was packed into successive 
centimeter layers using a device made from a Jig saw vibrator 
(Figure 8). The action of the vibrator was controlled with a 
Figure 8. Vibrator adapted from Jig saw used In preparing 
artificial soil cores 
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Varlac. The cores were wet by placing them on wet sand. The 
filter paper was removed from the bottom of a core before 
freezing. 
e. Rate of heave measurement. This procedure has been 
covered under the description of the water tension system and 
calibration of the optical lever (p- 44). 
f. Determination of consistency limits. The upper and 
lower plastic limit and plasticity index were determined on 
the 0-6 in. layer of the soils by methods described by Krynine 
(37, Pp. 40-43). 
C. Experiments 
1* Effect of rate of cooling on 
determination of Q 
Besltow (6) as well as Kinbacher and Laude (35) have 
stated that W is not affected by differences in the rate of 
cooling. Hov.ever, the data given by Beskov; v.ere obtained by 
subjectincj the soil to changes in air temperature for a period 
of only 50 minutes and the apparatus of Kinbacher and Laude 
was not intended for a quantitative determination of the rate 
of heave. It was decided that it would be necessary to freeze 
a soil for a period of 100 minutes at each of three different 
air temperatures to assure that Q is not sensitive to varia­
tions in air temperature, as long as the air temperature is 
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near 20° F. 
A core of Eclina 0-3 in. soil was frozen at zero tension 
and the rate of heave was determined at thermostat settings 
of 18, 13, and 8° F. (these settings were not necessarily accu­
rate). It was noticed that there was a very definite effect 
of temperature on the rate of heave during the first two hours 
of freezing caused by cycling of the refrigerator. To get a 
better idea of this phenomenon a second test was made in which 
the soil was frozen at a constant thermostat setting and a 
continuous simultaneous record of the air temperature 1/4 in. 
above the top of the core was obtained usino: the Brown recorder. 
In the first test (Figure 9) the rate of heave remained 
practically constant for 325 minutes if the small scale fluc­
tuations early in the run were smoothed. This was the case 
although the temperature varied stepwise from 25° F. to 11° 
F. It did not appear that a measurement of Q, would be appre­
ciably affected by small air temperature variations after a 
certain initial period had passed. 
The second test shows the very close relationship between 
temperature and rate of heave early in a run. In Figure 10 
the temperature has been plotted as a departure from 18° F. 
The straitiht line parallel to the rate of heave curve repre­
sents a temperature of 16° F. and the position of the tem­
perature curve above or below this line indicates a plus or 
minus departure, respectively, from 18° F. 
Figure 9. Expansion with time with varying air temperature showing that rate 
of heave is not affected by tempers-ture fluctuation after initial 
teniperature-sensitive period 
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Figure 10. Fluctuation in rate of heave with temperature variation in esrly 
stages of freezing study 
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At 300 minute a the temperature was at a maximutn and the 
rate of heave curve was virtually horizontal. As the temper­
ature started to fall the rate of heave at once increased and 
at 315 minutes was greater than It had been at 250 minutes at 
about the same temperature. 
It would appear either that freezing or water movement 
ceases at the top of the temperature cycle. The steepness 
of the rate of heave curve after the temperature starts to 
fall aj^ain indicates either a surge of water movement or the 
occurrence of some previous supercooling. VVinterkorn and 
Eyring (57) consider soil water to be in the form of compres­
sion, tension, and stress free water. They showed that a 10° 
C. increase In temperature increased the stress free water 
content of a K~Putnam soil by 20 per cent. This would cause 
a drainage of moisture from capillary saturated soil. Whether 
it would cause a cessation or reversal of v;ater floxi? in the 
present case is not certain. 
The sudden response of the soil to temperature change, 
when freezing has not progressed very far, is remarkable but 
becomes insignificant after two or three cycles. Hence it 
was decided that an air temperature range of 6° F. was not 
objectionable after the initial temperature sensitive period 
had passed. 
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2. Constancy of heave rate vjlth time 
When a soil core starts to freeze in a laboratory test 
the thickness of the frozen soil is almost zero and the active 
zone of the core through which the water is being moved is 
about 3 in. thick. By the end of the experiment the frozen 
soil may be 2 in. or more in thickness and the active zone 
I in. or less in thickness. V/ith such widely varying geometry 
of the freezing soil system there would naturally be some ques­
tion if a measurement of Ci at a certain tension might not be 
influenced by the time at which the measurement was made. 
To answer this question six experiments were carried 
out in which three cores of natural topsoil, one core each 
from the Carrington, Clarion and Edina, were I'rozen at zero 
tension, and three cores of the same soils at 50 cm. tension, 
for a period of time equal to the length of an average rate 
of heave experiment. In each experiment the soil was placed 
in the refrigerator at an air temperature of 25° F. at about 
II P.M. At about 7 A.M. the temperature was reduced to 20° 
F. and any increase in tension caused by the soil's taking up 
water during the night was corrected. Readings were started 
about an hour later and continued for about 9 to 12 hours. 
The results of the experiment at zero tension are shown 
in Figure 11 where total expansion is plotted against time 
for the three cores. The slope of each line is the rate of 
Figure 11. Experiment showing that the rate of heave of soils at zero tension 
is independent of time 
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heave, k, in Inches per hour. The straight lines were drawn 
by inspection and vjlll be assumed to be the true rate of 
heave for eech core at zero tension. Short duration fluctua­
tions ere not taken into account. Short periods of observa­
tion of about 30 minutes such as Beskow used v;ould lead to 
serious errors in Judj^ing the slope of the curves. The prac­
tice was adopted in the prenent study of continuing readings 
ut least 70 minutes at each tension. After changing tensions, 
20 or 30 min. la usually required for the curve to become 
liner.r again and this allows 40 to 50 min. of readings for 
determining the rate of heave or slope of the curve. 
It is obvious, however, that one hour was not long enough 
time for the soil to come to equilibrium after adjusting the 
temperature and tension In the morning, and the first 50 
minutes of the curves have too great a slope. The practice 
was followed subsequently of allowing a 2-hour adjustment 
period before beginning readings. It is not clear if a change 
in tension by decreasing rather than increasing tension neces­
sitated the long adjustment period, or if there is a tempera­
ture sensitivity between 25° and 20° F. average temperature 
which does not exist at temperatures belov/ 20° F. Perhaps 
the former is true. 
Although there is a slight decrease in rate of heave 
near the end of the observation period, one can apparently 
assume that the great variation in the geometry of the freez­
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ing soil system has not greatly Influenced the rate of heave. 
Errors of up to 10 per cent in eatlraatlng the rate of heave 
are possible, hov/ever, due to the short period fluctuations 
previously referred to. 
In Figxire 12 the results of the experiments at 50 era. 
tension are shown. The curves show no general trend of 
departure from linearity since (2) is convex upwards and (3) 
is concave upward. Curve (1) shows a distressing fluctuation 
wnich could lead to an error of up to 15 per cent in estimat­
ing the average rate of heave depending on when the observa­
tion was made. It is possible, however, that this vari-
abilitj/ may be due to a lacic of homogeneity in the soil. 
On the basis of these experiments it ivas concluded that 
one would be justified in conducting rate of heave tests 
lasting up to 12 hours following the routine outlined and 
that the results obtained would not be time dependent. A 
rate of heave determination on a sample might involve up to 
nine tensions and would require at least 70 minutes per ten­
sion. 
X'he fact that rate of heave in these tests has no appre­
ciable time dependency is also of importance in aiding to 
substantiate certain aspects of Bestow's theory of the 
mechanism of frost heaving. 
Beskow (6, p. 40) has said that the rate of heave, Q, 
depends on the mobility and length of water films or menisci 
Figure 12. the r.te of heave of soils 50 c- tension 
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In contact with the growing ice crystals. Theee menisci in 
clays are presumed to be thicker and less squeezed out, and 
hence more cobile, thari in eands, as well as shorter in 
length. He believes the resistance to flow of water occurs 
mainly in a narrow zone adjacent to the ice crystals. He 
ofi'ers no experimental evidence to support this contention, 
which is a vital part of his theory of frost heaving. 
It rai<j,ht be argued that heaving is brought ^.bout simply 
by capillary movement of water. Suppose that the soil at 
the frost litie is dessicated to a certain constant capillary 
potential.^ The ice surface then constitutes one equipoten-
tial surface exid the tension plate another. The rate of 
moisture fflovenent would be expected to decrease with increase 
in tension applied through the v;ater tension system, all other 
things being equal, since this would decrease the capillary 
potential gradient. 
Suppose that the rate at which heat is released by the 
latent heat of the water being moved to the frost line and 
frozen is sufficiently great to equal the rate at which heat 
is being conducted upward through the frozen soil. This 
would result in a stationary frost line and obviously is not 
the case since no segregated ice formed. The second pos-
^In this discussion, the frost line is considered to be 
the 52° F. isothermal surface which corresponds closely to 
the bc.se of the frozen layer of soil. 
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slblllty Is that the rate of water movement Is less than the 
rate needed to cause a stationary frost line. Ar.sume also, 
as v;lll be shown later, that the rete of heave Ir. approxi­
mately equal to the rate that water Is being rnoved to the 
frost line. Then the rate of heave would Increase bb the 
unfrozen soil zone becomes thinner. That is to say, it 
•would Increase vith time. This Wv-juld continue until the 
rate of water movement was great enough to cause a station­
ary frost line and would then become constant. The rate of 
heave would be proportional to the inverse of the length of 
uni'Tozen soil and would vary several fold during the course 
of the experlirent. Obviously v;e are not dealing v;lth a 
simple case of capillary movement of •••jater and the theory of 
Beskow according to which the rate of he^^ve is limited by 
short range forces restricting the mobility of water films 
at the frost line seems plausible since this would not 
require that Q vary with the geometry of the system. 
3. Relationship between rate of heave 
and rate of water absorption 
Beskow (6, p. 45) has said that the amount of frost heave 
is an approximate measure of the amount of water sucked up by 
the freezing soil but offered no experimental verification of 
this relationship. Domby and Kohnke (18) measured changes in 
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bulk, density and moisture content with freezing of a soil 
but did not compare moisture increase and expansion. 
To examine the relationship between rate of heave and 
rate of water absorption, duplicate cores from successive 3 
in. layers to a depth of £4 in. in a Clarion loam soil vjere 
frozen at tensions of from zero to 100 cm. of water. Simul­
taneous measurement i/vas made of the rate of water entry into 
the soil. To do this, the capillary metering arrangement 
described in the section on the water tension system xms used. 
Each v/ater amount has been converted to the depth of ice it 
would form if frozen in the two 3 in. diameter cores. 
As an aid in understanding how a typical experiment was 
carried out, one of the work sheets, for Clarion 12-15 in., 
is reproduced in Figure 13. The two cores, previously wetted 
by being placed on wet sand, were placed in the soil heaving 
apparatus at 11:30 P.M. and the temperature wes set at 25° 
P. At 7:00 A.M. the temperature was turned dovn to 2QP F., 
the water tension which had built up during the night v.es 
released, and the first reading was taken at zero time. 
The rate of heave increased and became very nearly con­
stant after about 80 minutes. Water entry measurements were 
started at 59 minutes and continued until the water curve 
became reasonably constant at .034 in. of ice per hr. Since 
the capillary tube had a volume of only about 5 ml. it was 
necessary to refill it at 123 min. and start a new water 
Figure 13. Work sheet showing method of plotting informa­
tion obtained during the course of a rate of 
heave study; sheet is for Clarion 12-15 in. 
soil with simultaneous rate of heave and rate 
of water absorption measurements 
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curve which was eventually displaced vertically to form a 
continuation of the first water curve. 
After 171 mln. the capillary was loivered to a hei^rht 
16 crn. below the top of the porous plates in i:he soil haav-
iriii device* As a result, water flowed out of the soil and 
the rest of the water tension system into the capillnry until 
the 200 nJ.n. point of the experiment, or for about half an 
hour. Loss of water from the soil is shovm by the displace­
ment of the water curve below the water reference line-
The amount of water is expressed as the number of inches of 
ice it would form if frozen in the two 3 in. diameter cores. 
Water equivalent to .017 In. of ice was removed from the soil 
by placing it under 15 cm. tension. As freezing continued, 
this water was all drawn bock Into the soil by the 143 min. 
point. In this way Vv'ater raeaeurements 7/ere carried out at 
various tensions up to 100 cm. of water. 
The rate of heave curves are a plot of total expansion 
versus time. The slopes of the curves gives the rates of 
heave, which are usually expressed as inches of expansion per 
hour. When the tension of the tvater is Increased there Is 
usually an abrupt but slight decrease in volume of the 
cores but this effect was not very noticeable in the experi­
ment of Figure 13. After a change of tension, the rate of 
heave requires EO-40 mln. to become constant again. The time 
when the curve regains its linear character usually coincides 
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with the minimum point of the -.vater curve when the meniscus 
becomes stationary in the capillary prior to reversing direc­
tion of iroveinent. In this ivay it happens that the rrte of 
heave of the soil becomes oonetant at a time when the rate of 
water entry is zero and will not reach its own constant value 
for about 40 min. Tills relationship is fairly well Illus­
trated in the portion of the rate of heave curve for 75 cm. 
tension in Figure 13. It is perhaps pointless to speculate 
about the source of a few thousandths of a ral. of venter x^jhich 
apparently were frozen while no water ii.'as taken up from the 
capillary but a likely explanation is th^^t during the time 
the water vias being withdrawn from the core, the volume of 
the v.ater tension system was not completely in equilibrium 
with water at 75 Ciii. tension. As the meniscus became station­
ary and then changed direction the system achieved volume 
equilibrium with release of a small amount of water vhich was 
taiian up by the freezing soil v/ithout the fact being shown in 
the capillary. 
It can be seen from Figure 13 that in the Clarion 12-15 
in. sample the agreement between rate of heave, Q, and water 
intake, W, was not always close, especially at low tensions. 
Curves of Q and W are given for all eif^ht experiments in 
Figure 14. It can be seen that V,' is generally smaller than 
Q. Compared to those for Q, the curves for w are generally 
less erratic and in six of the eight cases are alraoRt linear. 
Figure 14. Rate of heave, Q,, in in. per hr-, and rste of water absorption, W, 
in in. of ice per hr., for eight 3 in. layers from a Clarion soil 
RATE OF HEAVE,Q, OR RATE OF ABSORPTION, W, IN./HR. 
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It will be noted also that the Q, curves do not have the regu­
lar shape of those shown by Deekow (Figure 2, p. 19). There 
are tvjo Instances where Q increased considerably with increas­
ing tfiiSlon. In the 9-12 In. sample the Inoreaae in Q was not 
accompanied by an increase in VJ but In the 15-19 in. sample 
the and Vi curves showed the same fluctuation. 
The regression of W on Q is shovm in Figure 15. In f^en-
eral, V< la lov.-er than Q,, averaging .0219 in. per hr. compered 
with .024S in. per hr. for Q. The slope of the line is 1.024, 
ehov.'iag that the discrepancy betv.'een W and Q is aJ.ightly 
greater at lov/ tensions than at high. The correlation coeffi­
cient, r, iE .955. 
V»heu a freezing sell begins to take up v;ater again after 
an increase in tension, it is indicated thst the soil has 
attained equilibrium with v.ater at the new tension. The 
amount o.i water drained from the soil due to the increase in 
tension can be estimated from the actual amount of vrater 
sucked into the capillary plus the product of the rate of 
heave and the time required for dralnsge, converted to gms. 
of water. With this value can be co^f red an estimated or 
predicted value of the amount of water which would be drained, 
as obtained from the poreslze distribution experiment end the 
volume weight of the soil. This was done and the predicted 
values of water drained are compered with the observed In 
Table 1. To get the predicted values in the "A" columns, the 
Figure 15. Regression of rate of water absorption, on 
rate of heave, Q,, for eight layers of soil from 
the upper two feet of the Clarion profile; \'J is 
given in in. of ice per hr. and equals 1.09 x 
in. water/hr. 
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Table 1. Grcs. moisture drained from freezing soil 
cores of Clarion soil between various 
tensions - A, £s estimated from poreslze 
data; B, as observed 
Ranfre In tension, cm. vater 
0*" •15 15-•25 25-50 50-•75 75-•100 
Jorlzon, 
in. A B A B A B A B A B 
3-6 5.0 5.0 3.6 — 9.4 6.2^ 7.8 2.7 4.4 1-2 
6-9 14.1 4.7 11.8 1.4 15.4 5.5 6.9 3.0 5.0 0.9 
9-12 23.7 4.4 12.4 2.6 12.5 7.3 6.4 2.8 4.4 0.7 
12-15 21.3 5.6 12.3 3.0 15.8 6.4 6.9 2.3 2.8 0.7 
15-18 20.4 5.2 12.8 4.3 16.4 7.1 7.6 2.1 1.9 0.4 
18-21 23.5 10.6 10.6° 15.5 8.1 6.1 2.3 2.8 0.8 
®-lVater drained from 15-50 era. tension. 
^Water drained fron 0-25 era. tension. 
unfrozen soil Kas assumed to have a length of £.4, 2.1, 1.8, 
1.5, and 1.2 In. at the 0-15, 15-25, 25-50, 50-75, and 75-100 
cm. tension changes, respectively. 
Inexact as this procedure Is, It Is still apparent that 
much less vater was drained from the aoll In contact vclth the 
frost line than v;ould have been drained from e. eoll v/hlch was 
not freezing. The large difference In temperature between 
the freezing test and the room tenipereture at which the pore-
size distribution measureraenta were run would not invalidate 
this conclusion, since larger amounts of aiolsture v/ould be 
expected to drain from a cold soil betvjeen a certain range of 
tensions th.9Xi from a vjarm soil. Also, an unknown fraction of 
the -ne-'^sured amount of water crained probably carne from con­
traction In volume of the water tension apprirctus with increase 
In tension. 
It lf3 knovn that the tension required to drain a vertical 
caplllnry filled with water depends on the bore of the capi'l-
l^ry at the upper terminus of the water coluran v;here the 
menlE^cus is located. One form of the height of capillary rise 
equation e.a ^^jlven by iVinterkorn and Eyring (57, p. 425) is 
which indicates that the height of capillary rise Is propor­
tional to the ratio of capillary surface area to volume, T 
being the surface tension of the liquid. In a freezing soil 
the question arises as to whether S/v is a property of the 
soil or the Ice as far as pore drainage is concerned. If it 
Is a property of the soli Ice, the maximum difference In 
capillary potential between water table and frost line might 
not necessarily be a soil property as Beskow assumes. 
4. Effect of a barrier laver on the 
rate of heave of a soil core 
In this experiment a barrier layer will be shown to have 
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a negligible effect on the rate of he&ve tut an appreciable 
effect on the r-£..te of capillary rise of water. TTilvn will serve 
to eraphEHi^e tLet frost heaving is not a simple oaoe of capll-
Ic.rj! movenient of water and tn.'.t the main r'sstriction to flov.' v/ 
in fro£t hijavinji', as Deskow (6, p. 40) has Rtnted, occurs in 
a narruvj zone ne^t to the frost line. 
We will consider firct the effect of a barrier Iftyer on 
the rate of capillary rljse of water in a soil coluriin. VJinter-
korn aad Eyring (57) give the follov;lng formula for the rate 
of anti-graviteitlonal flou due to capillarity; 
^ (IS) 
at n z 
where dz is the distance differential in the vertical direc­
tion; dt is the time differential; n is the porof.lty; h Is 
the capillary potential; z Is the distance of the capillary 
meniscus from the ground water level; and k Is the coefficient 
of permeability. 
To test the effect of a barrier layer on the rate of 
capillary rise and also to examine the validity of equation 
(17) over short distances corresponding to the length of the 
cores used in the present study, duplicate cores of Edina 6-9 
In. soil passing a 1 mm. sieve were prepared at a volume 
weight of 1.32- One core had a barrier to flow equal to half 
the cross sectional area of the core. It was placed 1.5 era. 
above the base of the core and consisted of an aluminum metal 
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foil disc 1.06 in. in radius. 
A small porous plate viae constructed through which water 
could be absorbed by a core at zero tension. The plate vias 
placed on a Toledo balance and was connected to a water source 
with a fine rubber tubing. The v.eight of water absorbed by a 
core and the height of rise was measured at 1 min. intervals. 
From 100 to 150 min. were required for the soil to absorb all 
the water it would take up, depending on whether the barrier 
was present or absent (Figure 16). 
Since we are dealing with a z of less than 7.5 cm. and 
a fine textured soil of a high h, we can neglect z in the 
numerator of (16) and v/rite 
it = 7 at z 
where dw/dt is rate of water absorption in gms./hr. Using an 
assumed value of K in this formula of 595, all values of dw/dt 
obtained agree very well with the experimental values (Table 
2). This serves to prove that the rate of capillary rise 
through this short range of z follows Darcy's law closely. 
It was learned that dw/dt was from 48 to 58 per cent 
larger with no barrier than when the barrier was in place. 
This seemed like a sufficiently large difference to be 
unmistateable if the barrier had a similar effect on Q when 
the same cores were frozen. During freezing, of course, z 
would be the distance between the frost line and the porous 
Figure 16. Effect on capillary rise of barrier layer 
restricting half of cross sectional area of 
core at 1.5 cm. height 
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Table 2- Effect of a barrier layer on rate of absorp-
tioxi of water by a soil core; barrier layer 
equalled half the cross-sectional area of 
the core and v/as 1.5 cm. above the base 
Rate water absorbed, dw/dt. gms./hr. 
Height of 
r i s e ,  z ,  
cm. 
No 
Observed 
barrier 
Calculated®^ Barrier 
Ratio 
No barrier/barrier 
7 84 85 53 1.58 
6 99 99 63 1.57 
5 119 119 77 1.55 
4 149 149 100 1.49 
3 203 198 138 1.47 
®"From formula ^  . 
dt z 
tension plate. 
An additional estimate of the retarding effect of a bar­
rier layer on capillary flow was obtained by using an elec­
trical analog in the form of a conductivity cell with 3 in. 
circular electrodes representing two equlpotentlal surfaces 
and a Lucite disc 1.06 in. in radius placed at a distance of 
1.5 cm. from one of the electrodes to represent the barrier 
layer. The electrolyte was a mixture of 20 per cent tap 
water and 80 per cent distilled water. A cylindrical glass 
container slightly larger in diameter than the electrodes 
completed the conductivity cell. 
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The resistance of the cell v;aa measured using a Wheot-
stone bridge with the electrodes at varying distances apart 
ranging from 2 to 7 cm- to represent a varying z. The results 
are given in Table 3 and show that the conductivity of the 
cell without the barrier ranged from 20 to 62 per cent greater 
Table 3. Effect of a barrier layer on the conductivity 
of a conductivity cell with varying distance 
between elect2?odes; the barrier layer was 
located 1.5 cm. from one electrode and 
equalled half the cross sectional of the 
cell in area 
—3 Conductivity. rahosxlO" 
Distance between 
electrodes, z, 
cm. Barrier No barrier 
Ratio 
No barrier/barrier 
7 1.21 1.46 1.21 
6 1.36 1.71 1.26 
5 1.58 2.06 1.30 
4 1.85 2.58 1.39 
3 2.28 3.45 1.51 
2 3.25 5.27 1.62 
than the conductivity of the cell with the barrier present as 
the distance between the electrodes varied from 7 to 2 cm. The 
effect of the barrier was less than was observed in the capil­
lary rise experiment (Table 2) but was still great enough to 
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be detected In a freeaing test if the barrier had an influence 
of the same magnitude on the rate of heave* 
When the cores used in the capillary rise experiment 
(Table 2) v.ere frozen, it was found that the barrier did not 
reduce the rate of heave (Figure 17). The experiment wgs 
repeated a second time with the barrier at a height of 3 cm. 
and the results were the same as before. In the course of 
the second experiment, the soil was frozen at the 50 era. ten­
sion for a period of six hours to be sure the period of con­
stant water absorption had been reached. The rate of heave 
curves for the two soils were both linear for this entire 
period at the rate of .034 in./hr. 
The results of these experiments are offered as addi­
tional evidence that water absorption in a freezing soil Is 
not a simple case of capillary movement of water and that 
forces restricting the flow of vjater to the frost line are 
exerted mostly over a comparatively short range of apace near 
the frost line. In the first barrier freezing experiment 
(Figure 17) the final z was 3.7 cm. (the thickness of the un­
frozen soil) so that the final distance between the barrier 
and the frost line was only 1.2 cm. 
We have previously seen, hovjever, that the rate of heave, 
A, does not necessarily equal the rate of water absorption, W. 
It might be suspected that the barrier layer, although having 
no effect on Q, might have had an effect on W. This could 
Figure 17. Effect of barrier layer on rate of heave 
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hardly have been true, however, If the barrier had an effect 
of the magnitude observed in the rate of capillary rise experi­
ment. If there were differences in W due to the presence or 
absence of the barrier, the foct would be shown in the water 
content of the frozen soil, the soil with the highest W having 
the highest moisture content. 
To test this possibility, duplicate 5 in. long cores of 
Edlna 6-9 In- soil, vol. wt. 1.32, were prepared, one of which 
had a barrier layer at a 3 cm. height above the base. Both 
cores were frozen at 50 cm. tension until the depth of frozen 
soil was 2 in. The cores v;ere then sectioned and the moisture 
content of the soil was determined (Table 4). 
The results of this experiment showed that the effect of 
the barrier on W was negligible. It can be seen that freezing 
increased the moisture content of the soil by an average of 
23.7 per cent of moisture with no barrier and 22.4 per cent 
with the barrier. It was not judged that this difference was 
noteworthy. During the course of this experiment both soil 
cores heaved .395 in. in 14 hrs. for an average rate of heave 
of .028 in./hr. 
5. Variation in rate of heave with soil type ^  
The four soil types selected for this study are the Edlna 
sllty clay loam, Marshall silty clay loam, Clarion loam, and 
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Table 4. Moisture content of freezing soil cores as 
affected by barrier layer 3 cm. above base 
Moisture content. per cent 
Soil layer Barrier No barrier 
Top 1/3 frozen 59.4 60.6 
Center 1/3 frozen 64.2 67.8 
Bottom 1/3 frozen 65.5 65.0 
Top 1/2 unfrozen 41.2 41.0 
Bottom 1/2 unfrozen 40.0 40.6 
Average 
Frozen soil 63.0 64 * 5 
Unfrozen soil 40.6 40.8 
Frozen - unfrozen 22.4 23.7 
Carrington loara. The Edina soil was selected because of Its 
bad reputation for frost heaving. The others were chosen 
because they are extensive in Iowa and represent a range in 
parent material and physical properties. Some general Informa­
tion about these soils as summarized by Slmonson, ^  (46) 
is given in Table 5. 
The particle size and poresize distribution of the soils 
are shown graphically in Figures 18 and 19. Numerical values 
are found in Tables 6 to 11. 
Figure 18 illustrates the textural differences of the 
Table 5. Association, extent, great soil group, and parent materiel of soils 
used in rate of heave studies 
Extent of 
association Great 
Soil type Association of Iov;a Rank®- soil group Parent material 
Edina sllty 
clay loam 
Clarion loam 
Marshall silty 
clay loam 
Carrington loam 
Shelby-Seymour-Edina 2.7 13 Pianosol 
Clarlon-V.ebster 19.3 1 Brunlzem 
Marshall 7.5 4 Brunlzem 
Carrlngton-Clyde 12.3 2 Brunlzem 
Loess 
Calcareous gla­
cial drift 
Slightly leached 
loess 
Partly leached 
glacial drift 
®If 21 soil associations listed by Slmonson, ^  (46, p. 35) are arranged 
in decreasing order of extent, the Clarion-Webster association is greatest in 
extent, etc 
Figure 18. Relative amounts of sand, silt and clay in soils used in rate of 
heave studies 
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Figure 19. Moisture versus tension curves for eight .3 in. increments of depth 
froffi top two feet of Edina, Clarion, Marshall, and Carrinf^ton soils 
ahowing the general nature of the poresize distribution arid its 
variability in each soil 
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Table 6. Particle size distribution of Carrington and Marshall soils and 
of Logan loess 
Per cent 
Depth, Total Coarse Fine Sand 
Soil type in. sand silt silt Clay .25".50 ram. .50-1.Omra. >1.0 mm. 
0-3 36.9 38.8 3 .0 22.3 7.9 3.7 1.0 
3-6 35.6 37.2 3.2 24.0 8.8 3.9 1.4 
6-9 36.5 33.9 3.4 26.2 7.8 3.6 1.6 
Carrington 9-12 36.9 33.5 4.4 25.2 8.0 3.2 1.7 
loam 
1£-15 37.4 32.1 5.3 25.2 8.1 3.5 1.8 
15-18 37.5 33.2 3.7 25.6 8.7 3.9 1.6 
18-21 44.0 24.2 3.9 27.9 10.0 4.3 3.7 
21—24 44.5 23.7 4 .4 27.4 10.0 4 .4 3.0 
0-3 16.3 50.4 2.5 30.8 
3-6 16.2 49.8 2.6 31.4 
6-9 17.7 49.3 3.7 29.3 
iMar shall 9-12 19.3 47.8 3.3 29.8 
silty clay 
loam 12-15 13.4 51.3 4.0 31.3 
15-18 14.5 49.9 4.1 31.5 
18-21 15.7 48.7 3.9 31.7 
21-24 12.8 53.0 3.1 31.1 
Logan loess — 15.3 63.6 1.4 19.7 
Table 7. Particle size distribution of Clarion and Edlna soils 
Per cent 
Soil type 
Depth, Total 
in. saxid 
Coarse 
silt 
Fine 
silt Clay •25-.50 mm. 
Sand 
50-1.0 mm. >1.0 mm. 
Clarion 
loam 
0-3 
3-6 
6-9 
9-12 
12-15 
Edlna sllty 
cla> loam 
50.7 
47.8 
53.3 
50.3 
25.9 
27.9 
21.2 
22.5 
2.5 
2.4 
1.7 
^ .  2  
16.1 2-5 
20.9 
21.9 
23 .8 
26.0 
24.0 
e.6 
8.9 
9.6 
11.6 
9.6 
5.7 
5.7 
6 . 8  
3.9 
6.4 
1.4 
1.4 
1.4 
0.7 
1.9 
15-18 52.6 20 .4 2.7 24.3 9.6 5.2 2.1  
18-21 5?. 8 18.2 1.3 22.7 10.9 o n 3.7 
21-24 54.0 21.9 1.4 22.7 8.9 6.4 3.0 
0-3 14.5 50.0 6-0 29.5 0.2 0.1 
3-6 13.8 48.6 6.1 31.5 0.1 0.1 0.1 
6-9 14.3 52.2 4.9 28.6 0.1 0.1 — 
9-12 12.5 53.8 3.8 29.9 — 0.2 0.2 
12-15 12.5 52.0 3.4 32.1 0.4 0.5 0.1 
15-18 11.2 47.1 4.9 35.8 0.4 0.3 0.1 
18-21 12-2 41.2 5.0 41.6 0.4 0.5 0.3 
21-24 10.7 34.9 5.4 49.0 0.3 0.3 0.1 
H 
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Table 8. Per cent moisture drained from Clarion and 
Edlna soilB between various tensions 
Range In tension, cm. 
Soil Depth, 
type in. 0-15 0-25 0-50 0-75 0-100 15-50 50-100 
0-.3 0.3 -C.l 0.5 1.7 2.7 0.2 2.2 
3-6 0.6 1.1 2 . 6  4.1 5.3 2.0 2.7 
6-9 1.8 3.7 6.3 7.7 8.8 4.5 2.5 
Clarion 9-12 3.0 4.fi 6.9 8.2 8.9 3.9 2.0 
loam 
12-15 2.7 4.5 7.2 8.6 9.1 4.5 1.9 
15-18 2 .5 4.3 7.0 8.5 9.2 4.5 2.2 
18-21 2.9 4.4 6.9 8.1 8.8 4.0 1.9 
HI-£4 2.S 4.4 7.1 8.3 9.1 4.3 2.0 
0-3 £.2 2.4 3.8 4 .4 5.7 1.6 1.9 
3-6 1.4 1.7 2.9 3.5 5.0 1.5 2.1 
Edlna 5-9 2.4 2.5 3.7 4.5 5. 1.3 1.5 
sllty 9-12 3.0 3.5 4.9 6.0 6.7 1.9 i.e 
clay 
loam 12-15 2.5 2.9 4.7 5.0 6.1 2.2 1.4 
15-18 4.7 5.5 7.3 7.8 8.3 2.6 1.0 
18-21 2.6 3.2 4.6 5.1 5.6 2.0 1.0 
21-24 2.8 3.1 4.4 5.2 6.0 1.6 1.6 
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Table 9. Per cent moisture drained from Carrington 
and Marshall soils between various tensions 
Range in tension, cm. 
Soil Depth, 
type in. 0-16 0-25 0-50 0-75 0-100 15-50 50-100 
Carring­
ton loam 
Marshall 
silty 
0-3 1.4 1.9 4.1 6.5 6.6 2.7 2.5 
3-6 1.6 2.2 3.9 5.0 5.4 2.3 1.5 
6-9 1.6 3.0 5.6 7.0 7.7 4.0 2.1 
9-l£ 2.4 3.9 6.2 7.4 8.2 3.8 2.0 
12-15 2.1 3.5 5.6 6.5 7.1 3.5 1.5 
15-18 2.6 4.4 7.3 8.6 8.8 4.7 1.5 
18-21 2.5 3.9 6.5 7.4 7.5 4.0 1.0 
21-24 3.0 4.4 6.6 7.6 7.8 3.6 1.2 
0-3 3.8 5.7 9.6 11.5 13.0 5.8 3.4 
3-6 2.8 5.0 8.0 9.7 10.4 5.2 2.4 
6-9 3.8 5.3 8.2 10.1 11.1 4.4 2.9 
9-12 • 0 3.4 6.1 7.8 8.8 4.1 2.7 
12-15 4.9 8.0 12.9 13.5 14-7 7.0 2.8 
15-18 5.1 7.9 11.7 13.9 15.3 6.6 3.6 
18-21 3.6 6.4 9.7 11.5 13.0 6.1 3.3 
21-24 3.4 6.0 9.2 10.7 12.1 5.8 2.9 
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Table 10. Per cent moisture content of Clarion and 
Edlna soils at various tensions 
Tension, om. 
Depth, 
Soil type in. 0 15 25 50 75 100 
Clarion loam 
Edina silty 
clay loam 
0-3 26.2 25.9 26.3 25.7 24.5 23.5 
3-6 28.9 28.3 27.8 26.3 24.8 23.6 
6-9 32.0 30.0 28.3 25.7 24.3 23.2 
9-12 31.4 28.4 26.6 24.5 23.2 22.5 
12-15 31.7 29.0 27.2 24.5 23.1 22.6 
15-18 30.9 28.4 26.6 23.9 22.4 21.7 
18-21 30.1 27.2 25.7 23.2 22.0 21.3 
21-24 29.9 27.1 25.5 22.8 21.6 20.8 
0-3 39.2 37.0 36.8 35.4 34.8 33.5 
3-6 36.4 35.0 34.7 33.5 32.9 31.4 
6-9 36.5 34.1 34.0 32.8 32.0 31.3 
9-12 36.2 33.2 32.7 31.3 30.2 29.5 
12-15 34.8 32.3 31.9 30.1 29.8 28.7 
15-18 35.3 30.6 29.8 28.0 27.5 27.0 
18-21 34.4 31.8 31.2 29.8 29.3 28.8 
21-24 42.4 39.6 39.3 38.0 37.2 36.4 
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Table 11. Per cent moisture content of Carrlngton and 
Marshall BOils at various tensions 
Tension, cm. 
Soil type 
Depth, 
in. 0 15 25 50 75 100 
0-3 32.2 30.8 30.3 28.1 25.7 25.6 
3-6 29.0 27.4 26.8 25.1 24.0 23.6 
6-9 32.6 31.0 29.6 27.0 25.6 24.9 
Carrlngton 9-12 32.4 30.0 28.5 26.2 25.0 24.2 
loam 
12-15 31.1 29.0 27.6 25.5 24.6 24.0 
15-18 32.1 29.5 27.7 24.8 23.5 23.3 
18-21 30.2 27.7 26.3 23.7 22.8 22.7 
21-24 29.0 26.0 24.6 22.4 21.4 21.2 
0-3 42.8 39.0 37.1 33.2 31.3 29.8 
3-6 38.3 35.5 33.3 30 • o 28.6 27.9 
6-9 39.2 35.4 33.9 31.0 29.1 28.1 
Marshall 9-12 38.0 36.0 34.6 31.9 30.2 29.2 
sllty clay 
loam 12-15 44.7 39.6 36.7 32.8 31.2 30.0 
15-18 44.9 39.8 37.0 33.2 31.0 29.6 
18-21 42.0 38.4 35.6 32.3 30.5 29.0 
21-24 40.6 37.2 34.6 31.4 29.9 28.5 
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soils. The Marshall and Edina are high in clay and low in y 
sand. The Marshall, however, is uniform throughout but the 
Edina increases in clay content with depth and has a claypan 
beginninij at a depth of 18 in. The Clarion and Carrington 
soils are high in sand and low in clay with the Clarion having 
the iiiore sand of the two. In the Carrington there is an in­
crease in clay content and decrease in silt below the 18 in-
depth . 
Figure 19 shows that there are also difierences in poro­
sity in these soils. The moisture content versus tension 
curves for the Edina have a small slope which means that there 
is a small amount of non-capillary porespace. There is a 
larger variation with depth in this soil than in the other 
three. The moisture held at a given tension in the Edina is 
rather high, about the same as in the Marshall and more than 
in the Clarion and Carrlngton. This indicates a Iprge total 
porespace and is probably related to clay content. The 
Clarion and Carrington soils have about the same amount of 
non-capillary porespace, which is more than in the Edina but 
less than in the Marshall- The Marshall soil is most uniform 
of all the soils and has the most non-caplllsry porespace-
In the paragraphs to follow the results of rate of heave 
measurements of the various horizons of the four soils will 
be presented. Curves showing moisture content versus tension 
for the soils as obtained in the poresize distribution study 
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will also be given as a matter of general information without 
much reference being made to them as having a bearing on soil 
heaving. The poresize distribution measurements were made 
after preliminary studies v;ith the Edina soil had shown that 
soils of the same particle size distribution can differ widely 
in rate of heave. It was expected that frost heaving, being 
a water movement process, would be closely related to pore-
cize distribution. Unfortunately this proved not to be the 
case. The rate of heeve curves are more complicated than the 
moisture-tension curves and have more individuality so thrt it 
seems that they are governed by factors other than, or in addi­
tion to, poresize distribution and texture. A summery of the 
rate of heave tests on the different soil types is given in 
Tables 12 and 13. 
a. The Edina silty clay loam. The Edina series includes 
soils developed from loess under grass vegetation in fist up­
land locations with poor surface drainage. They have grayish 
colored Ag horizons and dart olive, mottled, sticky B horizons 
or claypans (46, p. 92). The soil used in the present study 
has a veri' dense claypan beginning at a depth of 18 in. The 
boundary of the claypan seems sharper when sampled than the 
mechanical analysis shows. A gradual increase in clay content 
with depth begins at the 12 in. depth (Figure 18 and Table 7). 
The moisture-tension curves shoxv a reguler displacement 
with depth (Figures 20 and 21). Starting et the surface, the 
Table 1£. Rate of heave in in./hr. of Clarion and Edina soils at various 
water tensions 
Soil type 
Clarion loam 
Tension. cm« water 
Depth, 
in. 0 15 25 50 75 100 200 300 400 
0-3 .042 .035 .033 .025 .020 .015 .008 .001 
3-6 .036 .031 — —  .027 .020 .010 .002 
6-9 .037 .032 .030 .024 .021 .012 -006 
9-12 .030 .032 .027 .024 .018 .008 .002 — — 
12-15 .032 .030 .029 -026 . 013 .008 .004 
15-18 .034 .027 .031 .026 .016 .010 .004 — —  — — 
16-21 -042 .032 .028 .014 .010 .005 — — — 
21-24 .030 — .025 .023 .015 .006 • _ — — 
I--
•<} 
.026 .026 .023 .026 
.042 .036 .034 
.045 .042 
Edina silty &-12 .058 — .046 .039 
clay loam 
.045 -038 
.037 .028 
.030 .018 
.023 .019 
0-3 -027 
3-6 .046 
6-9 .066 
9
12-15 .048 
15-18 -050 
18-21 -042 
21-24 -027 
018 -Oil .004 .001 
025 .014 • Oil .012 
034 -025 .019 .015 
026 -017 .012 .006 
025 .014 .007 .004 
019 .005 .003 
012 .005 .004 — 
013 .008 .005 • 001 
Table 12- (Continued) 
Tension, cm. water 
Depth, 
Soil type in. 0 16 25 50 75 100 200 300 400 
Average 0-24" 
Clarion .036 .031 .025 .024 .017 .009 .004 .001 
Edina .046 .037 .030 .030 .022 .012 .009 .006 
Average 6-18" 
Clarion .034 .030 .029 .025 .017 .010 .004 
Edina .058 — .043 .037 — .027 .015 .013 .007 
Table 13. Rate of heave In In.jYiv. of Carrlngton and Marshall soils r.t 
vfirious water tensions 
Soil type 
Tension, cm . water 
Depth, 
in. 0 15 25 60 75 100 200 300 400 
0-3 .032 .030 .030 .024 .020 .013 .010 .008 
3-6 .032 .022 .022 .021 .018 .017 .015 .012 .010 
6-9 • 058 .035 .036 • OoB .028 .016 .010 .005 .001 
9-12 .048 .035 .034 .031 .018 .011 .004 .002 — 
12-15 .045 .041 .039 .029 .017 .012 .004 
15-13 .034 .028 .026 .024 .016 .014 .005 .002 
18-21 .045 .026 .030 .023 .015 .009 -006 .003 .002 
21-24 • 032 .025 .029 .021 .015 .008 .006 .003 .002 
0-3 .026 .020 .017 .015 .013 .013 .010 .009 .002 
3-6 .024 — — .018 .014 .011 .008 .008 .006 — 
6-9 • 031 .019 .016 .014 .009 .008 .00? .005 — 
9-12 .035 • 029 .025 -021 .016 .014 .010 • 005 .002 
12-15 .066 .054 .037 .024 .018 .013 .008 .004 
15-18 .049 .040 .040 .033 .014 .008 .004 .002 .000 
18-21 .042 .028 • 026 .024 .023 .020 .008 .002 .001 
21-24 .050 .040 .032 .022 .014 .005 .004 .000 
Garrington loam 
Marshall silty 
clay loam 
Table 13. (Continued) 
Tension, cm. water 
Depth, 
Soil type in. 0 15 25 50 75 100 ^00 500 40G 
Average 0-24'' 
Carrington .041 .031 -031 .026 .019 .015 .009 .005 .004 
i'iarshall .040 .033 .026 -021 .015 .011 .007 .005 .002 
Averarre 6-18" 
Carrington .046 .035 .034 .030 .020 .013 .006 .002 .001 
Marshall .045 .036 .030 .023 .014 .013 .007 .004 .000 
Figure 20. Moisture versus tension curves from top foot 
of Edlna ailty clay loam 
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moisture content decreases with depth until the 15-18 in. 
level is reached Just above the claypan. Below 18 Inches, 
the moisture content increases \vith depth, and increases 
sharply between 21 and k:4 inches. Tiie 0-3 aiid 21-24 in-
zjnes have higher moisture contents than the interinediate 
levels aiid the 15-lb in. zone has the lov/est moisture con­
tent Tor a given tension. There is little diiference in the 
slopes of the curves from dilTerent levels vyhich shows that 
tne poresize distribution is similcr in all levels. An 
exception is the 15-18 in- zone in wnich a larger amount of 
water was drained between zero and 15 cm. tension than in 
the other layers. This Indicates that it has a lerger volume 
of the larger sized pores- It Wr?s noticed thst when the 
Edina soil was sampled v;ith the Kelley sampler the 15-18 in. 
layer lacked cohesion and had a tendency to collapse in the 
sleeves. Kot considering the 15-18 in. zone, the volume of 
pores drained between zero and 100 .cni. tension ranged from 
5.0 to 6.7 per cent moisture. This is in contrast to Che 
approximately 9-15 per cent moisture drained in the Marshall 
soil. 
Curves for the rate of heave versus tension in the Edlna 
soil are given in Figures 22 and 2-3. The 0-3 in. zone of 
the Edina heaved rather iveakly at zero tension at an average 
rate of .Uii? in./hr. The rate of heave decrej-sed gradually 
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with increaslxig tension, giving an slmo'^t llnec-r curve, 
iiecauee oi" its small deoreese in rate oT heave with increase 
in teaaioii, the Edina 0-2 in. soil, altliOUj';h havinp; r rpthor 
weaxi. rate of heave at zero tension, heaved more stron£j:ly fit 
teiiSloiiB 01' 100 cui, and above tnan .no.nt of the horizon8 tested 
rro^. the Carrii:;.;;ton, Clarion, and Marshall soils. The 
dexioy for the rete of heave curve from the plow Ipy^ r to 
hfcve a sr.iall slope, as v/ill be seen le.ter, wrs also notoci 
In the Uarrlngton and Marshall soils aiid raay be p.n effect 
of tlllatie (Figures i;4 and 32). It will be shown in P. l-ter 
section that tne I'cte of hoove curves of soil core.n prepared 
froiu disturbed soil slso have tnis charscteriFtic (Figurec 
5b aXid 39) • 
Tae rate of h^ave Increeeed with depth and reached a 
maxluiuui at the 6-9 in. depth (Figure 2:2) . Belov; this zone 
tae 14 decreased (Figure £5). Tne 6-9 in. depth in the 
Euina hijd a (^reeter rate of heave at all tensions tncn any 
other na.aple of coll vvnich was studied. The cleypan heaved 
gure 2E- Rate of heave curves from top foot of Edins silty oin;y loam 
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weakly and the curve for the 21-24 In. depth resembled the 
curve for the surface 3 in. Its Q at all tensions was leas 
than half the rate of heave of the 6-9 in. level. 
The rate of heave curves of the Edina soil in general 
have less curvature than the curves from the other soils. 
Tne 3-15 in. layer of the Edina must be rated sb very strong­
ly frost heaving. This fact, coupled with the poor internal 
drainage caused by the claypan explains the severe damage to 
legumes on this soil in wet winters. Obviously the frost 
heaving character per ae of the claypan is not the reason 
for this damage. 
An examination of the moisture-tension curves of Figures 
20 and 21 fails to show a relationship between poreslze 
distribution and rate of heave. The curves for the weakly 
heaving 0-3 in. layer and the strongly heaving 6-9 in. layer 
are very similar in shape. The 12-16 in. axid 18-21 in. pore-
space curves are also similar although those layers differed 
a great deal in the way that they froze. 
The small volume of pores drained between zero and 100 
cm- tension (Table 8) indicates that the Edina would have a 
low permeability. This characteristic would tend to reduce 
heaving with a low water table but is offset by the strong 
rate of heave of the Sdina soil at the higher tensions. It 
is a matter of common observation, however, that the heave 
damage on the Edina occurs when the surface soil is nearly 
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saturated• 
The permeability of a soil enters Into the amount of 
heave damage that occurs In nature through Its effect on the 
water tension at which the water Is frozen, as was shown In 
equation (6). All other thln^^s being equal, the water ten­
sion at the frost line will be greater In an Impermeable 
tiian in a permeable soil. Hence the rate of heave occur­
ring in nature, v;hlch is shown to be inversely proportional 
to the square of the water tension in equation (6), would 
be less in an impermeable soil for a given depth to free 
water. It should be remembered that in the present study 
It is the relationship between the rate of heave arid water 
tension that is being determined, and that this relationship 
is determined by short range forces near the frost line 
which are not closely related to soil permeability. In other 
words, the effect of soil permeability on the rate of heave 
in nature is indirect, through its effect on water tension 
at the frost line-
It should also be remembered that a permeable soil in 
nature probably will not be strongly frost heaving because 
It will have good internal drainage and a large / or greet 
depth to free water. This will cause a large water tension 
at the frost line despite the high permeability of the soil. 
b. The Marshall silty clay loam. This soil belongs to 
a series which is developed on Peorian loess and occurs on 
132 
rolling topography. It is well drained and fertile, and has 
good tilth (46, p. 63). 
The top foot of the Marshall heaved less (Figure 24) at 
tensions less than loo cm. than the top foot of the other 
three soils. The rate of heave at zero tension ranged from 
.0£;4 to .035 in./hr., and from .008 to .014 in./hr. at ICQ cm. 
tension. The 0-3 and 3-6 in. zones have the flattened curves 
which seem to be typical of the plow layer. 
In the second foot the rate of heave increased sharply 
and reached .066 in./hr. in the 12-15 in. zone at zero ten­
sion. Ttils equalled the rate of hesve of the Edlna 6-9 in. 
l&yer and wae the greatest r^te of heave measured in any 
soil. The rate of heave curves in the Marshall, however, had 
a greater curvature than in the Edlna, so that at 100 cm. ten­
sion tne rate of heave of the Marshall 12-lo in. zone was 
only .013 in-/hr. compared to .0-34 in./hr. for the Edina 5-9 
in level (Tables 12 and 13, Figures 22 and 25). The second 
foot in the Marshall has more non-capillary porespace than 
the first foot and this may explain their difference in rate 
of heave (Table 3). The same criterion certainly could not 
be used, however, in explaining the difference in heaving of 
the Marshall and Edina soils. 
The small slope of the curve for the 15-18 in. level 
between 15 and 50 cm. tension and of the 18-21 in. layer 
between 15 and 75 cm. tension is noteworthy (Figure 25). 
Figure 24. Rate of heave curves from top foot of Marshall sllty clay lo 
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An explanation for this small slope is not possible tossed on 
poresize distribution since the moisture-tension curves for 
these levels are not much different from the other curves in 
the second foot (Figure 27). 
The fact that there is little heave daniftge on a Marshall 
soil must be due to its good internal and surface drainage, 
which malie for a large X and consequentlj' a low Q, and to 
its low of heave in the top foot. Seedling legunior, and 
wheat would probably survive considerable heaving in the 
second foot if aiiy occurred. 
c. The Clarion loam. The Clarion series is found on 
undulating topography and has developed from the Kankato drift 
of the Wisconsin glaciation (46, p. 38). Clarion soils ere 
well drained and fertile, and have indistinct B horizons. As 
Table 7 shows, the Clarion soil used in the pret?ent study 
contained a great deal of sand ranging upward from 43 per 
cent. It was taken from a field where the farmer had experi­
enced some winter loss of legumes in past years but had 
largely eliminated the trouble through the use of phosphate 
fertilizer. This presumably encouraged better root develop­
ment . 
The Clarion loam was more uniform in heaving character­
istics (Figures 28 and 29) than the other soils. At tensions 
below 100 cm. the top foot heaved slightly more than the 
second foot. At the higher tensions above 100 era. this soil 
Figure 26- Moisture versus tension curves from top foot 
of Marshall silty clay load 
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Figure 27. Moisture versus tension curves from second foot 
of Marshall silty clay loam 
141 
MARSHALL 
12-24" 
12-15" 
15-18" 
18-21" 
21-24" 
15 25 50 75 
TENSION, CM. WATER 
Figure 2Q. Rate of heave curves from top foot of Clarion loara 
.07 -
.06 -
d 05 -
0 100 
tension 
O) 
clarion 
II 0-12 
200 
cm. water 
300 400 
Figure 29. Rate of heave curves from necond foot of Clnrion loam 
.07 
.06 -
a: 
X 
UJ. 
§ 
UJ 
X 
U-
o 
UJ 
a: 
tension 
clarion 
12-24" 
12-15" 
15-18" 
18—21" 
21-24" 
200 300 400 
cm. water 
146 
heaved v/eakly at all levels arid in only two of the ei^'ht 
horizons v;aD there a jneasureable amount of expansion at 30 ) 
cm. tension. 
Reference to I'lgure 30 showf? that the plow layer is 
deficient in larger sized poros. This did not lover its rate 
of herve, hoivever, and the 0-'5 in. zone heaved as strongly as 
any in the profile. The curve from this layer vas slif?ht3.y 
fl'ttened due to its higher rr.te of heave at the hi-;:her ten­
sions . 
The Clarion coil would be expected to be icoderr.te in 
both permeability and ri^te of heave at lower tensions. V7ith 
hit^her tensions or greater depths to a v/ater table it \v0uld 
heave very U'eakly and if subject to heaving vould benefit 
greatly from drainage. 
d. The Carrington loam. Carrington soils have developed 
on the lovi'an drift of the Wisconsin glaci&tion (46, p. 46). 
The topoeiraphy is undulating. As is shown in Fij^ure 15 the 
Carrington loam soil used in the present study contains con-
sidersDle sand, ranging from -35 to 45 per cent. Below the 
18 in. level there is a sharp decrease in cotrse silt (Table 
6 ) .  
The 0-3 and 3-6 in. zones heaved weakly at low tensions 
and rather strongly at high tensions (Figure 32). As pre­
viously mentioned, this flattening of the rate of heave curve 
may be caused by tillage. The 6-9 and 9-12 in. layers have 
Figure 30. Moisture versus tension curves from top foot 
of Cl&rion loan?. 
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Figure 31. iyioistur'e versus tension curves from second 
foot of Clarion loam 
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peculiar-shaped curves which show a strong rate of heave at 
zero tension I'ollowed by a sharp decrease in rate of heave 
with increase in tension to 15 cm., and then a bulpe in the 
curve uetween 15 and 100 oiri. The curve for the 6-9 in. level 
showed a rua^iicum point at 60 cm. tension. The curves for the 
18-^1 and 21-i£4 in. levels showed maximum points at 25 cm. 
tension (Figure 53). This is a behavior which was not men­
tioned by Besiiow (5) yet was definite and unmistakable. 
Their moisture-tension curves show no breaks to explain this 
(Figures 54 and 35). In summery, it would appear that the 
Garrington loam woul<^. be moderate in its heaving tendencies. 
e. CoffiDoslte rate of heave curves. To eirapllfy com­
parison of the four soil types, all measurements made in the 
C~24 in. end 6-18 In. ranges of depth viere averaged to give 
composl'iie rate of heavo? curves (Figures 36 and 37). The 
6-IB in. ran^se was chosen to avolrl considering the disturbed 
plow layers, where there might be a variable effect of tll-
lai^e, and the 18-in. claypan of the Edlna-
lue G-i.4 in. composite curves for the Clrsrion, Garring­
ton, and Marshall oolls are very siirdlar at tensions of 100 
cm. or leas. Above 100 cm. tension the Garrington and Mar­
shall soils ;:re very much alike while the Clarion has a soae-
what smaller rate of heave. The Edlna has a very marked 
superiority in heave rate at all tensions. 
The composite curves for the 6-18 in. range of depth 
Figure ofc. Rate of heave curves from top foot of Cf-rrington loam 
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Figure 34. Moisture versus tension curves from top foot 
of Carrlngton loam 
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Figure 36. Moisture versus tension curves from second 
foot of Carrington loam 
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show much the same relationship between soil types as before 
except that tJrie greater rate of heave of the Edlna is more 
pronounced because of the elimination of the weaK.ly heaving 
soil in the plow layer and claypan of that soil. 
f. Variability of rate of heave measurements. Accord­
ing to the work of fleskow (6), with pure fractions, thet is 
to say with soils having a uniform particle size, the rate 
of heave should be closely related to texture- Beskow, how­
ever, pointed out the futility of attempting to predict the 
rate of heave of a natural soil from a particle size distribu­
tion due to complications arising from variations in grading 
or the degree of sorting of the soil particles. 
It was realized at the outset of the present study that 
a characterization of the rate of heave of a soil would be 
both tedious and time consuming. It was believed, however, 
that rate of heave, because of its supposed close relation 
to texture would have a reproducibility comparable to that 
of a determination of particle size distribution so that 
extensive replication of measurements would not be needed. 
After measurements were started, it was found thet the deter­
mination of a rate of heave curve required as much as 21 hours 
time and this interval combined with extra time required to 
evaluate the measurements, time lost due to loss of tension 
or some other misfortune in the course of a run, and loss of 
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time due to the need for frequent defrosting of the refrigera­
tor, limited the average progress of the study to one dupli­
cate determination of rate of heave In two days. 
It was also found that the rate of heave of a natural 
soli was not as reproduceable as had been expected and that 
the relationship between particle size distribution and rate 
of heave was extremely tenuous. After preliminary measure­
ments had been made on the Edlna and Clsrlon soils, the deci­
sion was faced whether It would be preferable to devote the 
remaining time available to additional measurements on these 
two soils and thereby to obtain statistically sound data of 
an unknown relative infcgnltude compared to some other soils 
or to make measurements of two additional soils for compari­
son purposes at low levels of statistical significance* The 
latter course was decided upon and rate of heave measurements 
were extended to the Marshall and Carrlngton soils. 
Where reasonably good agreement between duplicate runs 
were obtained on a soil sample, additional messurements were 
not made. Where the agreement was poor, more measurements 
were made. Tables 16-19 and Figure 42 in the Appendix sum­
marize the 608 rate of heave measurements made on the four 
soils. The maximum number of observations made on any one 
soil was 18 for the Edlna 0-3 in. zone. In 60 per cent of 
the cases only duplicate deternilnations were made. 
Standard deviations have been computed for the measure­
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ments from each soil horizon and ere given together with 
their mean and range in Tables 15-18 In the Appendix. It 
will be noted that agreement between duplicate raeasurements 
was quite good in certain cases such as the Edlna 5-9, 9-12, 
15-16, and 18-iil In. zones; the Marshall 12-15 and 21-24 In. 
zones; the CI.'rlon 3-6, 9-12, 12-15, 15-18, 18-21, and 21-24 
In. zones; and the Carrlngton 6-9, 9-12, and 21-24 in. zones. 
In other cases it was extremely difficult to get good agree­
ment between repeated readings, the Edlna 0-3 in. zone being 
a case In point i^/here the standard deviation with 18 observa­
tions was 24 per cent of the mean. 
It is the opinion of the writer that virtually all of 
the variability encountered was due to soil variability. 
Comparison of measurements of the thlclsiness of brass strlpij 
using the optical lever and a micrometer caliper showed that 
this portion of the apparatus was accurate within one per 
cent. In 25 duplicate measurements of rate of heave at vary­
ing tensions using four pairs of prepared soil cores, the 
difference between duplicates averaged 11 per cent of their 
mean. It Is not possible to say how much of this difference 
was due to instrumental error, and repeated measurements on 
the same soil core would be out of the question since each 
freezing would affect the rate of heave. No difficulty was 
experienced in closely controlling the air and water bath 
temperatures and the water tension while making a run. 
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6. Moisture content and oonslstency of thawed soil 
Reference has previously been made to the fact that the 
injury to plants from soil heaving may be due either to tear­
ing of tVie roots by the expanding soil or to settling of the 
liquid soil after thawing leaving the crovm of the plant vflth-
out protection from cold injury and desslcatlon. The severity 
of either process would be proportional to the moisture con­
tent of the frozen soil, that is to say, proportional to the 
amount of heave per unit depth of soil frozen. This Is true 
since the amount of heave is approximately equal to the 
increase in moisture content of the soil. The worst damage 
to plants theri.:fore occurs with slow cooling or a high rate 
of heave or a combination of the two, since either makes for 
a slowly moving frost line and a large amount of water moved 
to the frost line and frozen per unit depth of penetration 
of the frost line. We have seen that the Edina soil in gen­
eral has a higher rate of heave than the Carrlngton, Marshall, 
or Clarion and, all other things being equal, vjould be more 
subject to frost damage to plants. 
The rate of cooling, however, may also be a soil property 
and Beskow (6) has noted that the rate of penetration of 
frost into the ground is directly proportional to the square 
root of the dlffusivity. If the frozen soil has a certain 
thickness, t, and the air temperature Is T® C., then heat 
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will be conducted upward from the froet line at a rate equal 
to K(T/t), where K is the coefficient of thermal conductivity. 
All other factors being eciual, the condition of a stationary 
frost line, the worst possible situation from the standpoint 
of frost injury to plants, would be approached more closely 
the less the conductivity of the frozen soil. On the other 
hand, the conductivity of the frozen soil, as shown by 
Higashl (29), increases with increasing moisture content. 
A confusing relationship occurs in that a high moisture con­
tent is caused by a low thermal conductivity and a high 
thermal conductivity results from a high moisture content. 
\'iie have seen that the rate of heave of a soil, or the r&te 
of movement of water to the frost line, is independent of 
the rate of cooling. The increase in depth of frozen soil 
per unit time, hov.'ever, increases with increase in the rate 
of cooling and a high moisture content is favored by slow 
cooling. 
To examine the moisture content of frozen soil, dupli­
cate samples from the 0-3 in. layer of each of the four soil 
types were frozen at tensions of zero and duplicate samples 
at 50 cm. of water. In doing this, the soils v.'ere handled 
exactly the same as in the rate of heave tests with the 
exception that the tension was constant* In Table 14 the 
moisture contents of the frozen soil are given together with 
the consistency limits, moisture content at 300 cm. tension, 
Table 14. Molature contents alter freezing at zero ana 50 cm. tension, 
consistency limits, 300 cm. raolRture content, and clay content 
of soils 
Soil 
Moisture content, per cent 
Zero tension 50 cm. tension LPL'^ UPL^ piC 
Moisture 
per cent 
300 cm. 
Clay 
content, 
per cent 
Clarion 38.0 31-2 20.2 28.8 8.6 18.2 20.9 
Edina 59.4 48.0 29.6 39.7 10.1 •30.2 29.5 
Carrlngton 43.7 34.2 £2.3 -S3 . i j  10.4 23.  B 22.3 
Marshall 47.5 31.0 26.8 42.1 15.3 26.6 30.8 
®^Lower plastic limit. 
^pper plastic limit or liquid limit. 
^Plasticity indesc = UPL - LPL-
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and clay content. The 300 cm. moisture content is approxi­
mately equal to field capacity. 
The soil frozen at zero tension was 19.fl, 29.2, 19.9 and 
20.9 per cent of moisture above the 300 cm. moisture content 
(or field capacity) in the Clarion, Edina, Carrington and 
M-rshall soils, respectively. When frozen at 50 cm. tension 
these soils taken in the same order were 13.0, 17.8, 10.4 
and 4.4 per cent of moisture above field capacity. The 
Edina soil when frozen at zero tension would be expected to 
contract at legist twice as much in volume as the other soils 
in araining to field capacity. When frozen at 50 cm. tension 
and then thawed, the decrease in volume with drainage would 
be at least 37, 70 and 304 per cent greater in the Edina than 
in the Clarion, Carrington, and Marshall soils, respectively. 
The liquid limit, or upper plastic limit, is the mois­
ture content at which a soil passes from the plastic to the 
liquid state xvith increasing moisture content. It occurs 
at moisture contents ranging from 42 per cent in the Marshall 
to 23 per cent in the Clarion. When frozen at zero tension, 
the Clerion, Edina, Carrington, and Marshall soils were 
9.2, 19.7, 10.5, and 5.4 per cent of moisture, respectively, 
above their liquid limits. The thawed Edina soil after 
freezing at zero tension would flow the most readily of the 
four soils. The Marshall soil, on the other hand, would have 
the least tendency to flow despite its relatively high moisture 
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content. When frozen at 50 cm. tenalon, the Edlna was rbout 
10 per cent of moisture above its liquid limit and the other 
soils were near or belov; their liquid limits. 
At firet ii'lance the low moisture content of 31 per cent 
in the iiarshall soil when frozen at 50 cm. tension is puzzling. 
The explanation is found In the lotv rate of heave of the 
Y:Rrsiiall at 50 CLJ. tension which is .015 in./hr. compared 
to .0i.;3, .025, and .0^:4 in./hr. for the L'dina, Clarion, and 
Cfirrington, respectively. It could not be ascribed to a 
high thermal conductivity since tJie Marshall with its high 
clay and organic natter content v/ould have a low thernicxl con­
ductivity. On the other hand the low moisture content of the 
Clarion soil v;i:ien frozen at zero tension must be due to a nigh 
thermal conductivity since its rate of heave at zero tension 
was at least 30 per cent greater then that of any of the other 
th3"ee soils (Tables 12 and 13). That it would have a high 
thercal conductivity is plausible considering its high sand 
content (Fif^-ure 18) . It was also observed that the cores of 
Clarion soil froze at least 50 per cent deeper during the 
course of a rate of heave test than the Edlna cores did. 
The plasticity index is related to the clay content and 
to ti.e type of clay. A high plasticity index is caused by a 
hl,';;;h clay content and a high proportion of plate-like particles 
in the clay fraction. It may also depend on the nature of the 
exchangeable cations. When the per cent of clay in the soils 
1?2 
is divided by their clay contents, values of 2.44, 2.92, 
2.14, and 2.02 are obtained for the Clarion, Edina, Carring-
ton, Qiid Marshall, respectively. Whether this indicates a 
significent difference in the type of clay in the Edina and 
the reaainder of the soils is beyond the scope of the present 
study to determine. 
7. Effect of freeainp: and thawing. 
and wetting: and drying, on Q, 
It has been discussed in earlier pages that there are 
differences in rate of heave of soils which are not due to 
texture. The 0~5 and 6-9 in. layers of the Edina are an 
example. These soils are similar in texture but differ a 
great deal in the manner in which they freeze. 
The plow layers from three of the four soil types studied 
have flattened rate of heave curves which might be due to the 
effect of tillage on structure. On the other hand, there is 
no clear-cut relationship betiveen poresize distribution and 
rate of heave. 
There is a possibility that the rate of heave depends 
on the mobility of the water films. Water film mobility in 
turn to some extent depends on the physical and chemical 
nature of the capillary wall. Soil aggregates are known to 
have coatings of various oils, waxes, and colloidal materials. 
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When the soil Is disturbed, as by cultivation, the walls of 
the pores ueoessarily undergo a great de?.l of rearrangement 
and natjcent surfaces are brought in contact v/ith the water 
flima• This may have a tendency to change the mobility of the 
water. This sort of change in a soil viould not necessarily 
be revealed by a study of the poresize distribution. 
With wettinp and drying, as well as freezing and thaw-
lag, genesis of structure and reforming of wall costings 
would take place. It v;ae decided to study the changes in the 
freezing characteristics of a structureless soil with several 
cycles of freezing and drying. 
Duplicate soil cores having a volume veight of 1.32 
were prepared from Edina 6-9 In. soil passing a 1 tam. sieve. 
The cores were wetted in the usual manner and their rate cf 
heave was measured (Figure 38) . The curve from the first 
freezing was very wuch flattened and the rate of heave at 
all tensions ,jas much leas than in the natural soil. 
The cores after the first freezing were allowed to thaw 
and dry to an avera^'e moisture content of about 15 per cent. 
After revetting, the cores were frozen a second time. This 
time the rate of heave at tensions above 100 c.-n. was greatly 
Increased and was nearly as great as in the naturcl soil. At 
tensions below 25 cir.., however, the rate of heave was less 
than that when frozen the first time. The curve of the 
second freezing had an abnormal shape with the rate of heave 
Figure 38. Rate of heave of prepared cores of Edina 6-9 in. soil with repeated 
freezing, compared with the rate of heave of a natural core 
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increasing with Increase in tension up to 100 cm. and a point 
of Inflection et about 75 CIE. where the curvfture changed from 
concave to convex upward with lnoreav'?lng tension. This is 
proof thKt the r&te of heeve does not slv/ays decrease with 
increase in tension. 
The soil cores were dried as before end were then rewet 
and refrozen. In the third freezing the rate of heave 
increased i t all tensionn but the Kreatest Increase wns p.t 50 
cm. so th?.t the ciaximuir point in the curve was even more pro­
nounced tnan when the soil was frozen the second tiice. Above 
110 cm. tension the heave rate vas now greater than for the 
naturi?! '••ioil. 
This study showed thet factors cauPlng a ejenesie of ntru.c-
ture, such cs. wetting and drying, or freezing and thawing, 
also trin-i about changes in the freezing chsracteristics of 
the soil. The rate of heave of a structureless soil is 
increased by freezing and thawing, with the greatest change 
coming at tiie hi^iher tensions. 
Tiie study was repeated using Edina 0-6 in. soil. The 
results v,ere much the saae as before x\dth the exception that 
the depression in r«te of henve at lov; tensions in the second 
and tiiird freezing did not occur. As before the greatest 
increase in rate of heave was at tensions over 100 cm. 
(Figure 39). 
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8. Effect of a detergent and a 
silicone on the rate of heave 
Hosier and Hosier (30) found that a hydrophobic coating 
of a silicone applied to the walls of a capillary tube lowered 
the spontaneous freezing point of the water in the capillary. 
This was attributed to an increased influence of the capil­
lary wall on the structure of the water at the solid-liquid 
Interface which restricted the movement of water molecules 
from the water structure to the crystalline ice embryo. 
Weyl (55) stated that the water in contact with an ice crys-
tal also has certain restrictions on its structure. Beskow 
(6) believes that the variation in rate of heave from one 
soil to another is due to a difference in mobility of water 
films o:? varying thickness. Presumably treating a soil with 
a silicone would reduce the rate of heave. Adding a deter­
gent to the water in the soil, on the other hand, would give 
rise to a dissimilar situation in that the tendency of the 
soil solution to wet the soil would be increased rather than 
reduced as in the case of the silicone. 
Soil from the Edina 6-9 in. layer passing a 1 mm. sieve 
was exposed to the vapors of a silicone, Desicote* This was 
accomplished by spreading the soil in a 1/8 in. layer in a 
vacuum desiccator which also contained an open container of 
Desicote. The desiccator was evacuated using a water 
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aspirator*. Tiie soil v;as In contact with the silicone vapors 
for a period of about two hours in all and was stirred twice 
during this period. Dup5.1cate cores having o volume welpiht 
of 1.3:: were prepared from this soil for use in the silicone 
experiment and IVERE frozen in the USURI msnner. 
To tent the effect of a detergent on rate of heave, a 
solution was prepared containing 4 ml. of Joy detergent in 
a liter of water. This solution had a surface tension of 
26 dynes/cm. at 26° C-, about 4/10 as great as the surface 
tension of pure wKter. Duplicate cores of Edina 6-9 in. 
soil passing & 1 rarri. sieve were prepsred at a volume weight 
of 1.5c siid were frozen in the usual mrnner with the excep­
tion thjt the detsr-gent solution was used in place of water. 
The effects of the silicone and detergent treatments are 
shown in B'igure 40 where the rates of hepve are compered v:lth 
th:. t of a checit. It can be seen that the two treatments had 
a siiiill..r efff^ct and cut the rate of heave approximately in 
half. 
The rate of heave obtained for the check is slightly less 
than the one shown for a similar core in Figure 38. This is 
due to a different sample of soil being used as well as to 
some experimental error. 
T'le results of the silicone and detergent treatments are 
difficult to interpret. In addition to a possible effect 
on water film mobility it might be argued thfit the soil 
Figure 40. Effect of a silicone and a detergent on the rate of heave of a soil 
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receiving either treatment would contain leas molBture at a 
givyii teasioa tuaii tne untreated soil aiid that^ a portion of 
the «aber :iioviiig to the frost line would go to fill the extra 
air i'illed portjspace ana would not cause expannion of the 
soil. It aighl also be reasoried thi.t the polnr laolecule of 
the detergent is adsorbed by the soil in auch a way thnt its 
louti carbon chain extends outward from the aurfnce thereby 
presentiiiti a uiiTicultly wetted suri'e.ce, similpr in properties 
to the silicone treated surface-
9• An examulo of heaved 
tussocks in a meadp-w 
Heaved tussocks in a marshy meadow in Massachusetts 
were described by Sigafoos (45)• He reported thet these 
mounds were to a large extent composed of living and dead 
roots aiid stems of Carex and Cslamagrostis. It viae his theory 
that the soil in the vicinity of the tussocks was insulated 
by vegetation and froze last. The rest of the soil in freez­
ing was believed to have forced fluid soil and plant parts 
up into the unfrozen areas to form the tussocks. 
Frost (22) described some small mounds of a different 
nature occurring in the Willow Pass area in Alaska. These 
mounds, locally called "humpies", are composed of a silty 
soli covered with moss ahd heather. They have a regular size 
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and spacing end h'?ve the appearance of havlHcj; been furrowed 
by 8 plov.'. They sre believed to be the result of frost 
action- It is ^-enerally believed that mounds caused by frost 
action ere formed by soil flowing?; upv-'ard in the center of the 
mound and downward at its edf^es so thnt a sortinp: action takes 
place leaving finer textured, more vigorously frost heaving 
soil in the center of the mound. This action In areas where 
there is a gravelly surface is believed to be the way that 
stone rings are formed. 
Some beautiful examples of raoiinds or tussocks are found 
in a meadow three miles north of the Drive-in Theatre vest 
of Ames, Iowa. Thsy conform almost exactly to the photo­
graph and description given by Frost of huniples in Alaska. 
They ere very smooth and covered with bluegrass aiid have 
not been caused by farm Implements. They surround a low 
lying slough or pond (Figure 41). 
On March 3, 1955 the soil tenqjerature recorded at the 
Iowa State College Agronomy Farm had ripen to 32^ F. in the 
4-20 in. depth and was above freezing elsewhere. This seemed 
like an ideal time to investigrte the amount of ice In the 
tussocks. By probing with an open-sided soil sampling tube 
it was learned that on the level ground about the tussocks 
there was about 2 in. of frozen soil beginning at a depth of 
about 3 in. This frozen soil wag ecsily penetrated with the 
sampler. 
Figure 41. Example of heaved tuesocks or "humpies" occurring in a inersljy 
meadow near iimes, Iowa 
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The unfrozen soil on ths aiounda vies 3-4 in. deep and the 
reraalnrier of the mounds vias frozen eolidly and could not be 
penetrated wi th the sampl ing tube.  One typlc?. l  mound V . 'ES 
sectioned v/ith difficulty using a spsde and the solidly frozen 
soil was found to extend ybout 12 in. belcK the level of the 
surround inf.; level gj-ound. Since the iriound wr.a 7 1/2 in. high 
the to:.fl i.epth of frozen poil in the mound and belov/ i t v;?s 
15-16 in. 
Samples of soil were taken by -3 in. layerr to a f lepth of 
12 in. oelow the surface of the ground both in the rround and 
at points £ ft. on either side of the center of the mound. 
Mechaniccl a.nalyseB of these samplee showed very l ittle dif­
ference in texture between locations. The only difference 
was th<-?t the soil in the sbove-ground portion of the i^ound 
had 2-3 pel' cent leas clny than the average elsev;here (Table 
15) . Unfortunately, the ovmer of the land objected oo "caking 
add it ional samples for a coraparir-on of heove propertle^! by 
freezing. 
It could be seen that the soil below the mound had frozen 
to a much f;;re':ter depth than the surrounding soil. The dip 
In the frost line belov; the mound allov.ed the v:ater to be 
frozen at rhat point at a low tension or high rate of heave 
since v/ater niove/nent v;as r^idially inward toward the low point 
in the xrott l ine rr-ther than entirely in a vertical direction 
as would be the case with the frost line in the form of a 
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Table 1&. Mechanical analysis of soil in vicinity 
of frost heaved mound in meadow 
Per cent 
Location 
Depth, 
in. Sand 
Coarse 
silt 
Fine 
silt Clay 
Center of mound 
0-3^ 
3-6 
6-9 
9-12 
12-15 
15-18 
43.6 
44.5 
40.2 
41.0 
42.9 
43.0 
27.1 
22.8 
24.9 
24.6 
24.6 
22.2 
2.6 
4.2 
3.8 
4.4 
3.7 
3.4 
26.7 
28.5 
31.1 
30.0 
28.8 
31.4 
West of mound 
0-3^ 
3-6 
6-9 
9-12 
39.3 
43.0 
40.0 
43.8 
26.3 
24.0 
24.8 
22.8 
3.6 
2.5 
2.2 
2.9 
30.8 
30.5 
•33.0 
30.5 
East of mound 
0-3^ 
3-6 
6-9 
9-12 
41.8 
40.0 
40.8 
40.3 
26.3 
26.8 
23.8 
26.1 
2.7 
3.9 
4.0 
3.8 
29.2 
29.3 
31.4 
29.8 
Measured from top of mound. 
Measured from surface of ground. 
horizontal plane. Undoubtedly the greater radisting surface 
per unit cross sectional area of soil below the mound, by 
causing a more rapid rate of cooling and a more rapid penetra­
tion of the frost line, was responsible for the differential 
heaving. The water table at the time of the observetion was 
only 18 in. below the surface and at times during the winter 
may have been even higher. It is plausible thnt v^ith a high 
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water table any aiuall protuberance of the f^round with its 
greater radiating surface for "absorbing cold" would in time 
become enlarged through the process of differential heaving. 
The dip in the frost line below the mounds makes the theory 
of the mechanism of the mound formation exactly the same as 
for the heaving up of stones from the soil which has been so 
commonly observed, the dip in the frost line in the latter case 
being caused by the high thermal conductivity of the stone. 
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IV. DISCUSSION 
On the basis of experience gained in the present study 
in measuring heave rates of undisturbed soils, certain recom-
menaations for future study come to mind. These will be 
outlined briefly; 
The soil heaving apparatus in general was completely 
satisfactory and the optical lever arrangement proved to be 
both accurate and convenient. The only changes which need be 
maae in this apparatus would be in the substitution of fritted 
glass funnels of a coarser porosity if experimentation showed 
that the desired tension could stil l be maintained after 
doing 80. 
As with any physical determination on a natural soil, 
the freezing tests would have benefited from better repro­
ducibility of measurements. Toward this end i t would be 
desirable to examine the effect of omitting the core rings 
from the soil since the soil seemed to crack opposite the 
boundary between adjoining rings. Also, the need for hori­
zontal restriction on the soil may not be important. Wet­
ting the soil under a partial vacuum to aid in eliminating 
entrapment of air in soil pores would be a desirable prac­
tice which was not followed in the present study. 
It wsa not until ner?.r the completion of the study that 
the possible connection between properties of the soil-
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water Interface and rate of heave was fully realized. Inves­
tigation of the surface chemistry of soil heaving would prob­
ably be a rewarding field for study. In such a study the 
effects of various colloid coatings could be observed. The 
papers by Hosier and Hosier (30), Weyl (55), and Hadley and 
Eisenstadt (£7) would be of particular interest. 
The results of the experiment compsring rate of heave and 
rate of water absorption Indicate that water measurement 
would be less erratic than rate of heave measurement and 
would be a more desirable way of characterizing freezing In 
a soil, except for the disadvantage of being more time-
consuming. The objection might be raised, however, that the 
relationship between rai-e of vater absorption and rste of 
heave is uncertain and not constant and th&t if the interest 
is primarily in rate of heave It should be measured directly, 
ihe method used in measuring rate of heave was entirely 
satisfactory. Perhaps some tensions could be omitted from 
future studies and i t might be desirable to include only 
tensions of two meters or less. 
with the present availability of neutron scattering 
equipment for raeasuring soil moisture, i t should be possible 
to enlarge on the work of Anderson (1) to lef=rn about the 
way that redistribution of moisture in the soil profile 
takes place as the soil freezes. This is a factor of great 
importance to farmers who are Interested in the winter 
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Btoratje of raointure, both on dryland and under IrrlBaClon. 
The present study has shown very l ittle relationship 
betvjeen poresize or particle size distrifcution and rate of 
heave. Additional work should probably be devoted to deter-
fflinini^ v;hat physical properties do have a close relationship 
to rote of heave. In this connection it might be well to 
consider the methods suggested by Viinterkorn and Eyring (57) 
for determining the water affinity of soil materials. 
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V. SUMMARY 
Poor surface and internal dralna,"e have long been recog­
nized as being at least partially responsible for the severe 
heave damage reported on piano sols. The present study showed 
that the Edina soil has intrinsic properties which also make 
for bad heaving. These are a high rate of heave and a high 
moisture content of the frozen surface soil. The latter 
undoubtedly is caused by a low thermal conductivity, rather 
than a high rate of heave. The Marshall, Clarion, and Carring~ 
ton soils showed a surprising similarity in heave properties 
considering their diversity in porosity, texture, and parent 
material. Their r^te of heave in general was much less than 
th&t of the Edina. However, surface samples of the Edina 
heaved weaiily as did also samples from its claypan layer at 
txje 18 in. depth. The results from the latter samples show 
that the heaving properties of the claypan per ^ do not 
cause its frost hazard. 
The relationship between rate of heave and rate of 
moisture absorption at tensions less than one meter was 
determined by direct measurement in a Clarion soil. The 
rate of water absorption averaged about 12 per cent less 
than tne rate of heave. The discrepancy was greater at high 
than at low tensions and was probably due to a greater volume 
of air-fil led porespace in the soil when the water was at 
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high tensions. 
The lack of tii i ie dependency of the rate of heove of a 
soil core in the laboratory waa deffionBtrnted and vifs offered 
in support of Beskow's theory of the role of mobility of water 
fi lms in determining Q,. According to tnis theory, the rate of 
heave is determined by the length and thicknerss of menisci in 
contact with the soil ice, ti i in water menisci or fi lms being 
considered to be less mobile than thick ones. Tre^tnient of a 
soil with a silicone lowered the rate of heave, possibly 
through the raecnanism of lowering the mobility of the water 
fi lms due to rearrangement of the bulk structure of the water 
to provide a soil-wster interface of minimum free energy. 
Reducing the surface tension of the soil solution with deter­
gent had a similar effect. 
The effect of repeated freezing and thawinf^ and wetting 
and drying on a structureless soil was observed and found to 
e^ive r;: te of heave curves of small curvature similar to the 
ones found in the plow layers of field soils. 
An observation of some heaved tussocks in a meadov; was 
reijorted and a theory of the mechanism of formation of such 
mounds was sug;^:ested similar to the accepted mechanism for the 
heaving up of stones from the ground. If this theory is cor­
rect, the increased radiating surface of any protuberance of 
the soil would cause it to become more pronounced through dif-
fereiitlal heaving provided that free water is ne?r the soil 
surface. 
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VII. APPENDIX 
Table 16. Mean, number of observations, standrro deviation, end range of 
measurements of rrte of heave on the F.dina soil 
Tension, cm. 
Depth, 
in. 0 15 2.5 50 75 100 200 -300 400 
i4ean .0^7 .026 .026 
0-3 
18 2 1-3 h 
3.D.^ .0064 .0085 .0050 
RC 
.021 .01k: .021 
wean .046 .042 
"T y* n 2 2 
•3-6 S.D. .0061 .0072 
R .011 .014 
Mean .066 .045 
6-9 
n 2 2 
3.D . .0057 .0014 
R .008 .002 
Xean .058 .046 
9-12 
n B 2 
S.D. .0057 .0010 
R .008 .001 
.023 .027 .018 .011 .004 .001 
10 4 10 4 2 2 
.0082 .0016 .0073 .0058 0 0 
.023 .004 .0021 .011 0 0 
.036 .0 54 .025 .014 .011 .012 
2 1 2 2 2 
.0035 — .0016 .0041 .0050 .0007 
.006 —• .003 .007 .007 .001 
.042 .034 .025 .019 .015 
2 2 2 2 2 
.0010 .0022 .0014 0 .0042 
.001 .003 .002 0 .006 
.039 .028 .017 .012 .006 
2 2 2 2 2 
.0010 0 0 .0007 .0007 
.001 0 0 ,001 .001 
^Number of observations 
caiiuard devlt tiori 
^Hant^e 
Table 16- (Goatlnued) 
Tension, cm. 
Depth, 
in. 0 15 25 50 75 100 200 300 400 
12-15 
15—18 
18-21 
21-24 
Mean .048 .045 .038 .026 .014 .0' 7 .004 
n 2 2 n C 2 2 2 2 
S .D. 0 .0028 .0036 .0022 .0010 .0014 0 
R 0 .004 .005 .003 .001 .002 0 
Mean .050 .037 .028 .019 .005 .003 
n 2 2 2 2 2 2 
S.D . . 0022 .0028 .0010 0 0 0 
H • OOo .004 .001 c 0 0 
ile an .042 .030 .018 .012 .005 .004 
a 2 2 2 2 2 
13.D. .0010 .0050 .0042 .0014 .0014 .0007 
R .002 .007 .006 .002 .002 -001 
:%ean .027 .023 .019 .013 .008 .005 .002 
n 4 3 3 3 3 3 2 
S. D. .0024 .0042 .0059 .0032 .0010 .0025 .0014 
R .005 .003 .011 .006 .002 .005 .004 
Table 17. I'iean, number of observetions, standard deviation, pnd ranpe of 
measurements of rate of hesve on Clsrion soil 
Tension, cm. 
Depth, 
in. 0 15 85 50 75 100 200 -300 400 
0-5 
3-< 
6-9 
9-12 
Mean .04^ .036 -033 .025 .020 .015 .0)8 
n^ 4 2 4 4 4 4 4 
S.D.^ .00-34 .0014 .0032 .0062 .0047 .0043 .0041 
R® 
.007 .002 .006 .014 .011 .008 • 009 
Mean .033 .031 .027 .020 -010 .002 
n r\ 2 2 2 2 2 
• 1) • 0 0 .0045 .0014 .0023 .0021 
R 0 0 • 005 .002 .004 • 003 
I'^eaii .03? -032 .030 .024 .021 .012 .005 
n 3 3 3 3 3 3 3 
3 . b .  .0081 .0107 .0035 -0007 .0044 .0021 .0021 
R .019 .021 .007 .001 .008 .004 .004 
Mean .030 .032 .027 .024 .018 .008 .002 
n 2 2 2 2 2 2 2 
S.D. 0 .0022 .0014 .0010 .0022 .0014 0 
R 0 .003 .002 .001 .003 .002 0 
.001 
1 
^Number of observetions 
^Standard deviation 
°Range 
Table 17. (Continued) 
Tension, en,. 
Depth, 
In. 0 16 25 50 75 100 200 oOO 400 
12-15 
15-18 
18-21 
21-24 
Mean .0.3£ . 0-30 .029 r^oa .013 .008 .004 
n 2 2 2 2 2 2 2 
S.I!. .0057 .0028 .0014 .0014 .0014 .0007 .0021 
a .008 .004 .002 .002 .002 .001 .003 
Mean .0 34 .027 .031 .026 .015 .010 .004 
n 2 2 2 2 2 cp K. 2 
s.u. .0022 .0J14 0 .0010 -0020 .0028 .0021 
R .003 .002 0 .001 .004 .004 .003 
Koaii .042 .052 .028 .014 .010 .005 
n 2 2 2 2 2 o w 
S .L). 0 0 .0010 .0020 .0007 .0014 
R 0 0 .001 .004 .001 .002 
i'iean .0.50 .025 .022 .014 .006 
n 2 2 2 2 ci 
3.D. .0022 .0014 .0036 .0021 •0014 
a .00-3 .002 • 005 .003 • 002 
Table 18. Mean, number ol" observations, stendrrd deviation, gnd range of 
measurements of r?te of heave on Carrington soil 
Depth, 
in. 
Tension, cm. 
0 15 25 50 75 100 200 300 400 
Mean • 032 .030 .030 .024 • 020 .013 .010 .008 
n^ . 3 3 3 3 3 3 2 2 
S.D.*^ .0017 .0029 .0010 .0038 •0056 .0041 .0021 .0021 
.003 .005 .002 .007 .011 .008 .003 .003 
Mean • 032 .022 .022 .021 .013 .017 -015 .012 .010 
n 3 2 3 3 4 4 4 4 4 
S.D. .0031 .0028 .0046 .0020 .0021 .0022 .0034 .0048 .0048 
R .0U6 .004 >008 .004 .005 .005 -008 .010 .010 
Meaii .058 .036 .036 .038 • 028 .016 .010 • 005 .001 
n 2 2 2 2 2 2 2 2 2 
a.d. • OUd? .0022 .002k; .0042 -0010 .0010 .0007 -0014 0 
R .008 .003 .003 .006 .001 .001 .001 .002 0 
Mean .048 .0-55 .034 .031 .018 .011 .004 .002 
n 2 2 2 2 2 2 o c. 2 
3.D . .0014 .0010 .0010 .0036 .0010 .0014 .0007 .0007 
R .002 .001 .001 .005 .001 r^r\ l  .001 
0-3 
3-6 
6-9 
9-12 
rc 
c 
CP 
Number of obcervstions 
atandfctrd deviation 
'Hankie 
Table 18. (Continued) 
Tension, c-m. 
Depth, 
in. 0 16 25 50 75 100 200 -300 4 00 
12-15 
15-18 
18-£1 
21-24 
Mean .045 .041 .039 .029 .017 .012 .004 0 
n 3 3 3 3 3 3 2 2 
C . D - • 0055 .0035 .0070 .0085 .0040 .0040 .00J7 0 
a .011 .007 .014 .017 • 008 .008 .001 0 
i.ean .034 .028 .025 .024 .016 .014 .006 
o
 
o
 
n .3 3 2 2 1 1 1 1 
3.D. .0002 .0026 .0092 .0022 
a .uOl .005 .011 .003 
ke ari .045 .026 .030 .023 .015 .009 .006 .003 •
 
o
 
o
 
n 2 2 2 2 2 2 2 v 'c 
3 .D • 0 0 0 .0022 .0042 .0022 .0014 • 0028 .0014 
R 0 0 0 .003 .006 .003 .002 .004 .002 
I lean .032 . 026 .029 .021 .016 .008 -OOc .003 .002 
ti 2 2 2 t', 2 o C r, c o c . 
a r» 0 n .0010 .0010 .0042 .0010 .0014 0 .0010 
n 0 0 • 001 .001 .006^ .001 .002 6 .003 
Table 19. Mean, number of observations, standard deviation, and ranpre of 
measurements on Marshall soil 
Depth, 
In. 
Tension, cm. 
0 15 25 50 75 100 200 300 400 
.027 • 020 .017 .015 .013 .01-3 .010 ,009 .0C2 
n® b 2 3 3 3 3 3 3 3 1 
.C042 .0010 .0J20 .0016 .0036 .0042 .0041 .0037 
RC 
.006 .002 .004 .003 .007 .008 .008 .008 
'•.ean .C24 .018 -014 .011 .008 .008 .006 
n 2 2 2 2 2 r; 2 
Ij • u • 0 0 0 0 .0021 .0028 .0007 
R 0 0 0 0 .003 .004 .001 
i'AC an .0-31 .019 .016 .014 .009 .008 .007 .005 
n 2 2 2 r< tU 2 c\ 
S .L > .0071 . JO 57 .0022 .0010 .0014 0 .0014 .0014 
rt .010 .008 .003 .001 .002 0 .002 • 002 
Wean .035 .029 .025 .021 .016 .014 .010 . 00 o .002 
n 5 5 5 5 5 5 5 5 5 
a • .0076 .0106 .0057 .0087 • 0075 .0059 .00 32 • 00 30 -002: 
a .013 • 0 .012 .016 -016 .012 .006 -008 -004 
0-3 
3-6 
6-9 
9-l£ 
Mumbar of ocaarvat.loriti 
b,. i  tan . ar.) d ev 1 a 13 o n 
°Range 
Table 18- (Confclnued) 
Tension. ctn« 
Deptih, 
in. 0 15 £5 50 75 100 200 3CC 400 
12-15 
16-18 
18-21 
21-24 
.066 .054 .0-37 .0k:4 .UlB .013 -OOS .004 
n 2 2 2 2 2 2 2 N 
2.D. .0Li56 .0010 .0028 .0050 .004 2 -0021 .0014 .0014 
R .008 .001 .004 .007 .006 -003 .002 .002 
J ' iean .049 .040 .040 .0 5o .014 .008 .004 .002 0 
n 2 2 2 2 I'} 2 C O 2 
3. L''. .0076 .0042 • 00^56 .0014 .0050 .0028 .0021 .0014 
K .011 '006 .005 .002 .00? .004 -003 .002 
kean .042 .028 • 023 .024 .023 .020 .008 . Oo -001 
li 4 4 4 4 4 4 4 4 1 
LJ •LF • . 0109 • 0060 .0040 .0061 .0070 .0058 .U03G .001 
R .026 .Oi.<3 .013 .015 .017 .018 .007 .002 
Mean .050 -040 • 0 32 .022 -014 .005 .004 
I'I 2 2 2 2 2 2 
3 .D • • 0010 .0010 .0014 .0010 .0022 0 .0007 
-tiOl • OUl .002 .001 .00-3 0 .001 
Figure 4^. Mean a;id error range, standard devistlon x 2, 
of rate of heave measurements made on Clarion, 
Carrington, Edlna, and Marshall soils; for 
example, the mean rale of heave of the Edlna 
0-3 In. soil was .027 In./hr. and the error 
range was .027 +_ .0064 in./hr. 
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